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1. Introduction, objectives and thesis outline 
1.1. Introduction 
In Belgium, Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae), is a key pest in 
ornamental plant production, particularly in pot azaleas, Rhododendron simsii (Planch) 
hybrids. Feeding by the pest on the youngest growth tips causes malformation of the 
flower buds and leads to down curling and browning of the terminal leaves (Labanowski 
and Soika, 2006). The pest status of P. latus significantly increased during last years in R. 
simsii, mainly due to restrictions on the use of broad spectrum pesticides, including the 
complete prohibition of the use of endosulfan (an active component in many plant 
protection products) from July 2007 onwards (EU directive 2005/864/EC).  
Integrated Pest Management (IPM) and its EU-wide implementation (EU directive 
2009/128/EC) forces growers to develop sustainable strategies for the control of this pest 
(Gobin et al., 2011, 2013). In an IPM based strategy, preventative cultural practices are 
essential during the growing process. One of these measures includes developing and 
growing resistant R. simsii cultivars. Genotypes resistant to P. latus already have been 
identified in various crops (e.g. Gibson and Valencia, 1978; Ahmed et al., 2001; Kousik et 
al., 2007; Jana et al., 2007). Further, IPM is based on a multidisciplinary approach. 
Biological control, which is the use of a living organism to reduce the population density 
of another organism, provides another opportunity to control P. latus. Different 
phytoseiid mites are known to prey on P. latus, including Amblyseius swirskii (van Maanen 
et al., 2010; Onzo et al., 2012) and A. largoensis (Rodríguez et al., 2011a). Hence, the 
availability of basic biological information on P. latus is essential for optimizing the 
biological control of this pest in the production of R. simsii hybrids. Besides optimizing the 
biological control of P. latus, biological parameters such as the lower developmental 
thresholds and thermal constants are not only good predictors of the pest’s phenology 
(Honek and Kocourek, 1988), but are also very useful indicators for the potential 
distribution of the pest (Campbell et al., 1974). An alternative approach to control mite 
pests involves activating plant defences to reduce mite vigour and/or mite preference for 
a crop (Rohwer and Erwin, 2010). It has already been shown that the jasmonic acid (JA) 
pathway plays a central role in the resistance response against P. latus (Grinberg et al., 
2007). Exogenous application of phytohormones successfully reduced infestations by 
another key pest mite, the two-spotted spider mite, Tetranychus urticae, on different plant 
species (e.g. Omer et al., 2001; Rohwer and Erwin, 2010; Warabieda and Olszak, 2012). 
 
1.2. Objectives 
The main objective of this thesis was to provide a better understanding of the biology of 
one of the most important pests in R. simsii hybrid production in Belgium, the broad mite 
P. latus and to investigate the role of defence responses in this ornamental plant against 
the pest. These objectives can be translated into the following research questions: 
1. What is the impact of temperature on the development and survival of P. latus? 





3. Is there a role for JA induced defence responses in R. simsii hybrids? 
 
1.3. Thesis outline 
A literature overview is presented in Chapter 2, providing information on the basic 
biology of the broad mite, P. latus, with focus on taxonomy and distribution, biology and 
life cycle, morphology, host spectrum and damage, and control by plant resistance, or by 
chemical, biological or physical measures. This chapter also includes an introduction to R. 
simsii hybrids, one of the many host plants of P. latus and the main plant used in the 
presented research. A short introduction on the biosynthesis and signalling of JA, and the 
role of this phytohormone in plants also is given. In the next two research chapters, the 
impact of different temperatures on P. latus is evaluated. Chapter 3 investigates the 
temperature-dependent development of P. latus on R. simsii ‘Nordlicht’. Survival and 
development rates of P. latus juveniles are measured and the relationship between 
temperature and development of each life stage is modelled. In Chapter 4 the cold 
hardiness of the pest is evaluated. This chapter focuses on survival and reproductive 
performance of P. latus upon cold treatments that mimic cold storage of R. simsii plants 
during plant production. Chapter 5 reports the results of multiple screenings of R. simsii 
genotypes for broad mite susceptibility. Infestation of six genotypes is studied in detail 
and broad mite counts and damage rates at different time points are recorded. Leaf hair 
types of these plants are investigated by scanning electron microscopy. The final two 
research chapters focus on molecular aspects of the R. simsii plant defences and of the 
plant-mite interaction. In Chapter 6 a molecular toolbox is constructed and validated to 
measure gene expression in R. simsii hybrids. Validation is based on selecting a potent JA 
elicitor and the effect on JA biosynthesis genes in leaves is studied after local and systemic 
induction by this elicitor. Besides evaluation of local induction by a JA inducer, the effect 
of wounding is evaluated in a selection of six R. simsii genotypes. Chapter 7 includes 
molecular research on the induction of JA biosynthesis genes in R. simsii hybrids upon 
broad mite infestation. Whereas P. latus infestation of R. simsii ‘Nordlicht’ is monitored in 
detail, effects of its infestation are also evaluated in six R. simsii genotypes with a different 
susceptibility for the pest. Finally, in Chapter 8 a general discussion and further 














Restrictions on the use of broad spectrum pesticides, including the complete prohibition 
of the use of endosulfan (an active component in many plant protection products) from 
July 2007 onwards (EU directive 2005/864/EC) increased growers’ awareness of 
different pests and diseases present in their crops. In recent years, the pest status of the 
broad mite, Polyphagotarsonemus latus (Banks), a key pest in numerous ornamental and 
vegetable crops, has significantly increased in the production process of the Belgian pot 
azalea, Rhododendron simsii hybrid (Audenaert et al., 2009). An overview of this pest and 
one of its host plants, R. simsii, is given in the following paragraphs. 
2. The broad mite, Polyphagotarsonemus latus (Banks) 
2.1. Taxonomy and distribution 















SPECIES Polyphagotarsonemus latus Banks  
 
The broad mite, Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae) initially 
collected on tea in Sri Lanka (then Ceylon) was described and named Acarus translucens 
Green in 1890 (Gerson, 1992). Independently this mite was collected from mango shoots 
in Washington (DC) in 1904 and was named Tarsonemus latus Banks (Banks, 1904). The 
later name became accepted upon the realization that A. translucens was preoccupied 
(Gerson, 1992). After having been placed in the genus Hemitarsonemus (Ewing, 1939) and 
the new genus Polyphagotarsonemus (Beer and Nucifora, 1965), Lindquist (1986) 
redefined and fully redescribed both Polyphagotarsonemus and latus and suggested that 







P. latus is a pest of many commercial crops and has been reported from most parts of the 
world, including tropical and subtropical climates of Australia, Asia, Africa, North 
America, South America and the Pacific Islands (Fig 2.1). In temperate and subtropical 
areas the broad mite is a pest of greenhouse plants (Waterhouse and Norris, 1987). More 
recently, Vincent et al. (2010) suggested that P. latus can also be a pest in subtropical 
climates or controlled environments. According to Navajas et al. (2010), P. latus was first 
recorded in Europe (Italy) in 1961. Since then, the mite has been found in other European 
countries including Belgium, where it was reported for the first time on Rhododendron 
simsii hybrids or pot azaleas in the mid-1980s (Heungens, 1986). 
 
 
Fig 2.1 (a) Distribution of Polyphagotarsonemus latus in the world. (b) Detailed 
distribution of P. latus within Europe. Both maps are adapted from CABI (www.cabi.org). 
As the broad mite is widespread many other common names are known. Most of these 
names refer to its colour, host plant or geographical origin; chilli mite, white mite, yellow 
tea mite, yellow jute mite, citrus silver mite, tropical mite or begonia mite (Gerson, 1992; 






2.2. Biology and life cycle 
Eggs are deposited by adult females mainly next to leaf veins on the abaxial side of leaves. 
These eggs hatch into larvae which then enter a quiescent stage, named the nymphal life 
stage. After passing three immature life stages, P. latus enters the adult stage. At this life 
stage sexual dimorphism exists, males or females emerge from the inactive nymphs (Fig 
2.2). The adult sex ratio favours females (1:4, male:female) although it may fluctuate 
(Gerson, 1992). Under dry conditions many female immatures do not reach adulthood, 
and males become more abundant (Jones and Brown, 1983). The reproduction of P. latus 
occurs as in many other tarsonemid species by arrhenotoky (Gadd, 1946; Kabir, 1979; 
Jones and Brown, 1983). In this system, mated females are able to produce both males 
and females (ca. 40 eggs). In contrast, unmated females only produce males, with a 
considerable reduction in fecundity (on average 7.8 eggs) (Flechtmann and Flechtmann, 
1984). To maintain the population, unmated females can mate with their sons, in that way 
they may produce female offspring (Karl, 1965).  
Pharate females, which are females waiting to emerge from their old cuticle, are visited 
actively by males. Once located males carry the pharate females up to 24 hours using a 
large and conspicuous sucker-like organ. This structure is located on the posterior dorsal 
side surface of males and has a hollow centre. A sticky secretion which might be secreted 
in different slits on the outside of the sucker organs assists in adhesion and carriage of 
pharate females (Baker, 2012). Hind legs are not used to carry the pharate female but may 
be used for initial manipulation (Martin, 1991). These legs are also used for placing 
females at right angles to the male’s body for later mating (Peña and Campbell, 2005). 
Mating occurs immediately after female emergence, it lasts 15-120 seconds while the 
male and female face in opposite directions (Nucifora, 1963). At 25 °C, the net productive 
rate (R0) is 16.53, 17.58 and 30.12 females/female on leaves of Capsicum annuum, Citrus 
aurantifolia and Vitis vinifera, respectively. The corresponding intrinsic rates of increase 
(rm) are 0.30, 0.43 and 0.31 females/female/day, respectively (Hugon, 1983; Silva et al., 
1998; Ferreira et al., 2006). 
There are no reports of the existence of diapause within the family of Tarsonemidae (Hoy, 
2011). Total development of P. latus was estimated to require around 5 days at 25 °C (Karl, 
1965; Hugon, 1983). At this temperature total development on C. annuum was completed 
in 2.8-4.3 days and 2.8-5.0 days for males and females, respectively (Sombatsiri, 1979). 
Further studies provided more detailed information on the suitability of temperatures for 
development of P. latus. But only a limited number of these studies evaluated mite 
development covering multiple temperatures, including Jones and Brown (1983), Li et al. 
(1985) and Ferreira et al. (2006). A linear model was used to study the relation between 
temperature and developmental rate on chilli pepper (Li et al., 1985) and V. vinifera 
(Ferreira et al., 2006). However, none of these studies determined this relationship by 
fitting experimental data to non-linear models. Nonetheless, several non-linear models, 
as summarized by Kontodimas et al. (2004), are able to estimate critical temperatures and 






Fig 2.2 Life cycle of Polyphagotarsonemus latus (photos: author). 
The total development on C. annuum at 15, 20, 22.5, 25 and 30 °C took 13.3, 6.3, 5.1, 4.2 
and 2.7 days, respectively (Li et al., 1985). On V. vinifera, total development was completed 
after 7.3, 5.1, 4.4, 3.3 and 3.5 days at 18, 22, 25, 28 and 32 °C, respectively (Ferreira et al., 
2006). Development on Carica papaya at 25 °C was somewhat slower, taking 4.9 days (De 
Coss et al., 2010). On cotton (Gossypium hirsutum) average developmental period was 
measured to be 4.1 days at 28.5 °C for both males and females (Vieira and Chiavegato, 
1998), while on C. limon development took 3.6 days for males and 3.7 days for females at 
27.5 °C (Vieira and Chiavegato, 1999). Differences in development times between both 
sexes have been observed. At 30 °C, the egg-adult period on C. annuum took 3.4 and 3.6 
days for males and females, respectively (Silva et al., 1998). Male development on C. 
annuum was completed in 5.1 and 4.3 days while female development took 5.8 and 4.6 
days at 22.5 and 27.5 °C, respectively (Singh and Dhooria, 2006). Under uncontrolled 
thermal conditions on mulberry (Morus sp.), egg development took 27-32 hours, larval 
development averaged 36 hours and nymphal development took between 6 and 8 hours 
(Rajalakshmi et al., 2009). The latter development times appear to be shorter than those 
reported elsewhere in the literature and might be related to the selected host plant and 
the uncontrolled temperature regime in this study. In contrast, longest egg to adult 










7.8 days for both sexes and 8.7 or 7.2 days for males or females, on the respective host 
plants (Montasser et al., 2011a). 
 
Besides host plant, differences in reported developmental times of P. latus may be related 
to the relative humidity regime. This hypothesis is supported by the wide range of relative 
humidities (RH) used in the different studies (65% to 90%). Jones and Brown (1983) 
reported variation in theoretical population growth of P. latus on C. limon fruits at 
constant temperatures when subjected to different RH regimes. On C. papaya 
developmental times differed significantly upon RH regimes (De Coss et al., 2010). 
Temperatures above 30 °C coupled with low humidity appeared to be lethal to the egg 
and nymphal life stages (Jones and Brown, 1983). Variation in light conditions might also 
contribute to differences in developmental time as low light intensity was stated to be 
beneficial (Bassett, 1985). 
 
The lower developmental threshold for P. latus feeding on V. vinifera, was estimated to be 
9.7 °C (Ferreira et al., 2006). Using a multiple regression curve of development data, Jones 
and Brown (1983) extrapolated the lower and upper theoretical thresholds of P. latus 
feeding on fruits of C. limon to be between 12 and 14 °C, and 33 and 35 °C, respectively, 
depending on the humidity. Li et al. (1985) reported no complete development at 35 °C as 
all tested larvae died at this temperature. So far, only a few studies have attempted to 
estimate thermal budgets for P. latus development. The thermal constant (K), indicating 
the thermal budget (in degree-days) needed to complete development, was estimated to 
be 62.7 degree-days for total development of P. latus on V. vinifera (Ferreira et al., 2006). 
The thermal budget for development on chili pepper was predicted to be 64.1 degree-
days (Li et al., 1985). In their calculations Li et al. (1985) included the preoviposition 
period (i.e. the period between adult emergence and the first egg laid). 
 
Associations between P. latus and plant-feeding insects have been described, including 
green peach aphid, Myzus persicae (Sulzer) (Smith, 1935), sweet potato whitefly, Bemisia 
tabaci (Gennadius) = Bemisia gossypiperda (Misra and Lamba) (Gupta and Chaudhry, 
1972; Natarajan, 1988; Flechtmann et al., 1990), silverleaf whitefly, Bemisia argentifolii 
(Bellows and Perring) = B strain of B. tabaci (Fan and Petit, 1998) and greenhouse 
whitefly, Trialeurodes vaporariorum (Westwood) (Parker and Gerson, 1994). From these 
studies it became clear that P. latus mites can attach themselves to the tibiae and tarsi of 
the insects and use them as a carrier for their dispersal. This process is called phoresy and 
has been described as a phenomenon in which one animal, the phoront, actively seeks out 
and attaches to an animal of another species, the phoretic host, for dispersal (Faryish and 
Axtell, 1971). Phoretic association may be non-specific, with the phoront potentially using 
a large range of phoretic hosts, or specific, with preference towards a family, genus or 
even a single species (Athias-Binche, 1991). 
Parker and Gerson (1994) found the mite to be phoretic on T. vaporariorium but not on 





genera of whiteflies (Trialeurodes, Dialeurodes, Bemisia and Aleyrodes) served as phoretic 
hosts for P. latus whereas other winged insects of the same host plants, namely thrips 
(Frankliniella occidentalis (Pergande)) and aphids (M. persicae or Aphis gossypii (Glover)) 
appeared not to be a favourite carrier to P. latus. Palevsky et al. (2001) suggested that 
olfaction could be one of the main mechanisms that P. latus uses for seeking out and 
attaching to the phorectic hosts. This was confirmed by the fact that waxy particles of 
Aleyrodes singularis (Danzig) but not of the mealybug, Planococcus citri (Risso), caused a 
significant attraction of P. latus to wax treated patches within an hour after application 
(Soroker et al., 2003). Light conditions and sex of the host B. tabaci did not affect mite-
vector recognition abilities (Soroker et al., 2003). Besides the use of a phoretic host, P. 
latus is able to reach new host plants by human transfer of infested plants (Gerson, 1992) 
or with winds (Aubert et al., 1981). However, passive wind dispersal is very limited 
(Soroker et al., 2003). Finally, P. latus is able to migrate actively. Smith (1935) reported 
that active mite individuals ‘crossed’ (presumably by walking) an 18-inch space between 
plants. Males carry pharate females upwards providing oviposition sites for females 
(Gadd, 1946). Phoretic mites as well as free-moving mites are capable of making active 
host choices but cues for host selection remain to be explored (Alagarmalai et al., 2009).  
 
2.3. Morphology 
Eggs are elongated, oval and slightly elevated. According to Montasser et al. (2011b) eggs 
are on average 107 µm long and 64 µm wide. Martin (1991) reported a length of ca. 100 
µm, Singh and Dhooria (2006) stated that eggs are 94 µm in length and 69 µm wide, while 
Baker (2012) reported that they are around 90 µm long and 60 µm wide. Eggs are covered 
with around 30 white dots (Baker, 2012) providing a reliable diagnosis as this trait is 
specific to eggs of P. latus (Martin, 1991). The dots on eggs of P. latus are referred to in the 
literature as “tubercles” (Martin, 1991; Singh and Dhooria, 2006), “scattered white tufts” 
(Faluso, 2010), “sacs” (Montasser et al., 2011b) or “discontinuous plastron” (Baker, 2012). 
These protuberances are ca. 10 µm long and 8.5 µm wide (Montasser et al., 2011b). 
Whereas Martin (1991) did not provide an explanation for the function of these 
structures, Montasser et al. (2011b) suggested a role in respiration. Baker (2012) 
describes this as plastron respiration. There is no evidence of a second prelarval cuticle 
inside the egg “shell” (Martin, 1991) (Fig 2.4a,f).  
 
Eggs hatch into larvae of ca. 142 µm long and 72 µm wide (Montasser et al., 2011b), while 
they were measured to be 117.5 µm in length by Martin (1991). There is no sexual 
dimorphism in the larval stage. The larval body consists of three parts; propodosoma (ca. 
42 µm long), metapodosoma (ca. 58 µm long) and opisthosoma (ca. 42 µm long) (Fig 2.3). 
On the dorsal and ventral surface eight and seven pairs of setae are present, respectively. 
Larvae possess three pairs of legs; two pairs situated more or less anterior and one pair 
posterior. Legs I, II and III are on average 34, 36 and 40 µm in length (Montasser et al., 
2011b). The dorsal cuticle is marked with three dark lines like finger prints (Martin, 
 
 
1991), the areas between these lines are formed by triangular or polygonal arrangements 
of tubercles (Montasser et al., 2011b) (Fig 2.4b).  
 
Fig 2.3 Schematic drawing of Polyphagotarsonemus latus larval body parts and indication 
of three bands in the cuticle of the dorsal side. 
Nymphs, the last life stage before becoming adult, show no sexual dimorphism. The 
nymph is elliptical in shape and is on average 120.5 µm long and 75 µm wide (Montasser 
et al., 2011b) or 165 µm long and 83 µm wide according to Singh and Dhooria (2006). 
Both ends of the nymph are more or less sharply pointed. Like in the larvae the body of 
nymphs consists of three well-defined parts; propodosoma (ca. 27.3 µm long), 
metapodosoma (ca. 56.8 µm long) and opisthosoma (ca. 36.4 µm long). Five pairs of setae 
are present on the ventral surface. Further, the nymph has four pairs of legs that adhere 
tightly to the nymphal body as long as it remains enclosed within the skin of the larva until 
the adult stage is formed. The dark lines dividing the dorsal larval cuticle disappear at the 















Fig 2.4 Scanning electron microscopy images of Polyphagotarsonemus latus life stages. (a) 
egg, (b) larva, (c) nymph, (d) adult female, (e) adult male and (f) eggs (indicated by arrows) 
deposited by adult females on the abaxial side of Rhododendron simsii hybrid ‘Nordlicht’ 
(photos: author). 
The adult stage of P. latus is characterized by sexual dimorphism. Males measure 138.9 ± 
7.8 µm in length and 74.9 ± 1.9 µm in width (Montasser et al., 2011b). Denmark 1980 
measured the mite to be 168 µm in length and Perez-Otero et al. (2007) measured the 
length of P. latus to be 110 µm. According to Singh and Dhooria (2006) males are 175 µm 
long and 93 µm wide. The body of P. latus males can be divided in five parts. At the anterior 
proximity of the body the gnathosoma is located. It is ca. 34.2 µm long and 31.1 µm wide. 






measuring 48.2 ± 1.9, 64.3 ± 1.4 and 26.3 ± 4.7 µm in length, respectively (Fig 2.5). 
Ventrally posterior to the opisthosoma the genital capsule is located. It consists of 2-3 
triangular genital papillae and is on average 12.5 µm long and 15.6 µm wide. On the dorsal 
surface of males 10 pairs of setae are found while ventrally 6 pairs of setae are present. 
Polyphagotarsonemus latus males have four pairs of legs. The first three legs consists of 
five segments, i.e. coxa, femur, genu, tibia and tarsus. Leg I, II and III are 70.0 ± 2.4, 85.0 ± 
1.4 and 107.5 ± 4.6 µm long, respectively. The fourth leg has only four segments, namely 
coxa (ca. 34.9 µm long), femur (ca. 17.4 µm long), genu (ca. 24.9 µm long) and tibiotarsus 
(ca. 17.4 µm long), and has a total length of 94.6 ± 4.4 µm. Leg IV is characterized by two 
long setae; a dorso-lateral seta of ca. 87.2 µm long and a ventro-lateral one of ca. 57.3 µm 
long. This leg terminates by a button-like claw and bends into a clasper-like organ. Leg I 
terminates in a single claw, while legs II and III terminate in a pair of claws and a 
membranous empodium (Montasser et al., 2011b) (Fig 2.4e). 
 
 
Fig 2.5 Schematic drawing of Polyphagotarsonemus latus male body parts. 
Females are 138.9 ± 5.5 µm long and 97.3 ± 5.6 µm wide according to Montasser et al. 
(2011b). However, Perez-Otero et al. (2007) reported the body length to be 160 µm while 
Singh and Dhooria (2006) mentioned an average body length of 200 µm. Compared to 
males, the body of P. latus females appears to be more oval. In general four different body 
parts can be distinguished. The gnathosoma is ca. 26.7 µm long and 22.7 µm wide 
(Montasser et al., 2011b). It contains two slender stylettiform chelicerae between non 
segmented triangular palps (Krantz, 1978; Zhang, 2003; Montasser et al., 2011b). 
Chelicerae are only slightly reversible (Jeppson et al., 1975) and approximate an extended 
length of 43 µm (Gui et al., 2001). Further, the body consists of a propodosoma (38.9 ± 3.3 
µm long), metapodosoma (69.4 ± 1.6 µm long) and opisthosoma (33.3 ± 2.3 µm long) (Fig 














dorso-laterally located at the gnathosomal base. A pair of trichobatia (sensilla) appear at 
the base of clavate pseudostigmatic organs located dorsolaterally and distally between 
coxae I and II. On the ventral side a longitudinal median groove is seen. Females possess 
nine and seven pairs of setae on the dorsal and ventral surface, respectively. Like P. latus 
males, adult females have four pairs of legs. Leg I, II and III are on average 54.6, 54.3 and 
72.4 µm long, respectively. Each of these legs consists of 5 segments: coxa, femur, genu, 
tibia and tarsus. Leg IV only has three segments, being the coxa (ca. 11.3 µm long), genu + 
femur (ca. 22.6 µm long) and tibiotarsus (ca. 11.3 µm long) and has a total length of ca. 
54.3 µm. Like in males there are two long setae on the tibiotarsal segment. The dorso-
lateral seta is ca. 70.2 µm long while the ventro-lateral seta is ca. 24.9 µm in length. Leg II, 
III and IV do not carry any claws (Montasser et al., 2010b) (Fig 2.4d). 
 
Fig 2.6 Schematic drawing of Polyphagotarsonemus latus female body parts. 
2.4. Host spectrum and damage 
The Tarsonemidae family includes more than 500 mite species divided over more than 40 
genera that are distributed worldwide. The family consists of three subfamilies: 
Pseudotarsonemoidinae, Acarapinae and Tarsoneminae. The majority of plant feeding 
species belong to a few genera in the subfamily of Tarsoneminae, except 
Polyphagotarsonemus, which is a member of the Pseudotarsonemoidinae. Among these 
many species different feeding patterns exist (Zhang, 2003).  
Some members of the Tarsonemidae are predators of insects and mites. Acaronemus 
destructor (Smiley and Landwehr) feeds on the eggs of phytophagous mites infesting 
pines in California, USA (Tenuipalpidae and Tetranychidae) (Smiley and Landwehr, 
1976). In the laboratory a Dendroptus sp. fed on the apple rust mite, Aculus schlechtendali 











Nakao & Saito) was found to feed on the eggs of Schizotetranychus langus (Saito) on Sasa 
senanensis (Lin et al., 2002). Another species, Tarsonemus acerbilis (Delfinado), has been 
noted to prey on maple spindle gall mite eggs (Vasates aceriscrumena (Riley & Vasey)) in 
stands of sugar maple Acer saccharum in south-central Ontario, Canada (Patankar et al., 
2012). Further, an unidentified tarsonemid mite was thought to feed on the grape 
phylloxera (Daktulosphaira vitifoliae (Fitch)) (Forneck et al., 1998). 
Members of the Tarsonemidae can also be parasitoids. Especially Iponemus spp. 
that feed on eggs of Ips (Scolytidae) and other ipine bark beetles (Lindquist, 1969). 
Iponemus spp. are parasitoids because a single host individual suffices for the 
development of all progeny and only a single stage actually feeds on the host, which is 
thereby killed (Lindquist, 1983). 
Since 1921, it is known that at least one member of the Tarsonemidae lives on 
insects. The tracheal mite, Acarapis woodi (Renne, White & Harvey), is a known parasite 
in bees (Rennie, 1921). 
Fungivory of tarsonemid mites is restricted to mycelia, like all members of the 
Heterostigmae (Wheeler and Blackwell, 1983). The observation of Tarsonemus fusarii in 
fruiting bodies of polypore Fomes fomentarius maintained under laboratory conditions 
was suggested to be the result of a laboratory contamination (Maathewman and Pielou, 
1971). The latter hypothesis was confirmed by observations on field-collected polypore 
species where no members of the Tarsonemidae were found (Wheeler and Blackwell, 
1983). Tarsonemus granarius is widespread in grain and hay storage (Sinha, 1964). In 
commercial mushroom cultivation other species of Tarsonemidae are known. 
Tarsonemus myceliophagus (Hussey) feeds on Agaricus bisporus vegetative mycelium and 
fruiting bodies (Hussey and Gurney, 1967).  
However, most of the species belonging to the Tarsonemidae feed on plants and 
several are pests of agricultural crops, particularly those grown in the greenhouse. Among 
these phytophagous mites, P. latus and the strawberry mite, Phytonemus pallidus 
(Banks), are undoubtly the most important pests of many crops and ornamentals in 
greenhouses worldwide (Zhang, 2003). A few other species of minor importance were 
also reported on Belgian pot azalea; Tarsonemus bilobatus (Suski), Tarsonemus confuses 
(Ewing), and mites belonging to genera Xenotarsonemus and Daidalotarsonemus. 
Tarsonemus floricolus (Canestrini & Fanzago) is also frequently found on azalea but is 
reported to be a fungivorous mite (Zhang, 2003).  
Polyphagotarsonemus latus exhibits a polyphagous feeding behaviour as it is collected 
from almost 60 plant families (Gerson, 1992). The extremely wide range of host plants 
includes the entire dicotyledone spectrum. Among these dicotyledone families P. latus 
was reported on Ericaceae, a family of woody plants including the genus Rhododendron 
(Ewing, 1939). The mite also was observed on monocotyledons: Araceae (Jones, 1988) 
and Orchidaceae (Karl, 1965). Further, this pest was reported on the gymnosperm 
Cupressus sp. (Ochoa et al., 1991). 
The feeding behaviour of P. latus causes a variety of symptoms depending on the 





assigned to other plant pests, or to diseases or viruses. Since 1890, symptoms on cotton 
are known as ‘acariose’ in Africa. Further the symptoms have been known as ‘begonia 
rust’ on begonia in England (Fox Wilson, 1950), ‘murda’ (Jeppson et al., 1975) or ‘leaf curl 
disease’ (Amin, 1979) of chilli in India, ‘tambera’ of potatoes in India (Jeppson et al., 1975), 
while in Brazil infestation by the mite has been confused with papaya buchy top 
(Flechtmann, 1983). Some of these symptoms were formerly believed to be caused by 
viruses (Lavoipierre, 1940; Bar-Joseph and Gerson, 1977; Aubert et al., 1981; Jones, 
1988), but this hypothesis was experimentally rejected (Higa and Namba, 1971; Aubert 
et al., 1981). By listing the different symptoms caused by viruses and P. latus, it became 
clear that a systemic infection on chilli which included vein-clearing and brownish streaks 
on stems and petioles was attributed to viruses while local damage, including rusty-red 
patches, growth of axillary shoots and necrosis of the growing points was suggested to be 
due to P. latus (Dhooria and Bindra, 1977). Papaya ringspot virus-p and P. latus showed 
similar effects on chilli plants but only mites were found on the younger leaves of chilli 
plants. As a result, chlorosis produced by mites on these leaves started in the central vein 
and developed towards the end of the leaves, whereas the damage by Papaya ringspot 
virus-p can be observed on any part of the leaves (Alcantara et al., 2011). 
Damage by P. latus has also been confused with herbicide toxicity (Taksdal, 1973; 
Bassett, 1981; Beattie and Gellatley, 1983), or micronutrient deficiency, such as 
magnesium (Cross and Bassett, 1982).  
 
 
Fig 2.7 Damage on Rhododendron simsii caused by Polyphagotarsonemus latus. (a) 
Browning and curling of apical leaves as the first symptoms of P. latus on R. simsii ‘Desiree’ 
ca. three weeks after infestation. (b) Darkening and curling of infested leaves on R. simsii 
‘Nordlicht’ ca. seven weeks after infestation with P. latus (photos: author). 
The mites are usually found on the upper parts of the plant, feeding on the apical shoots 
and the abaxial side of young leaves (Grinberg et al., 2005). In general, plant growth is 
inhibited (Peña and Bullock, 1994; Cho et al., 1996a,b). Usually, the newest growth is 
heavily damaged, apical leaves seem distorted, more rigid, severely stunted, and their 
edges curl downwards (Bassett, 1981; Cross and Bassett, 1982; Gerson, 1992; Cho et al., 
1996b, Labanowski and Soika, 2006). If fruits appear, they may be cracked and sometimes 




When plants are severely attacked, they stop growing and die (Smith, 1939; Moutia, 
1958).  
Typical symptoms of P. latus infestation on R. simsii are marked by browning, 
bronzing and curling of apical leaves. When the infestation continues older leaves start 
curling downwards and leaves become rigid and brittle. Infested flowers are distorted and 
discoloured. Development of a darker colour on leaves and plant growth inhibition may 
also follow mite attack. No leaf drop is reported on R. simsii infested with P. latus (Fig 2.7).  
Injury symptoms upon P. latus infestation may develop quite rapidly on certain 
hosts (Bassett, 1981). Furthermore, small initial numbers (ca. 20 mites) on cucumber 
(Grinberg et al. 2005), and even fewer mites on limes (Peña, 1990) and peppers (De Coss-
Romero and Peña, 1998) are sufficient to invoke economic damage. On chilli as few as ten 
mites per plant could cause characteristic injury symptoms (Dhooria and Bindra, 1977). 
It is important to note that when P. latus has been eliminated by pesticide treatments 
injury symptoms may continue to develop (Gerson, 1992). This is evidenced by 
misshapen fruits and development of abnormal side shoots whose leaves had several 
fused and distorted veins on successfully treated cucumber plants (Bassett, 1981). Earlier, 
Dhooria and Bindra (1977) noted that chilli and potato plants which had recovered from 
P. latus attack grew leaves that were as broad as long. Taking into account the persistence 
of symptoms for some weeks post-treatment and the negative results on transmitting 
viruses by P. latus, Gerson (1992) suggested that symptoms are caused by toxins. 
Furthermore the effects of such putative toxins would also explain the rapid appearance 
of injuries shortly after the initiation of mite attack, and the occurrence of symptoms at 
some distance from the site of mite feeding (Gerson, 1992). 
2.5. Control 
2.5.1. Plant resistance 
Host plants resistant to P. latus were sought in different plant species but mainly in pepper 
(Capsicum annuum) and cucumber (Cucumus sativus). These host plants belonging to the 
Solanaceae and Cucurbitaceae plant families, respectively, are important commercial 
vegetables. Based on natural infestations susceptible and resistant C. annuum cultivars 
were identified (Ahmed et al., 2001; Desai et al., 2006,2007; Kulkarni et al., 2011). Host 
plant screening has also occurred in other crops, e.g. potato species Solanum polyadenium, 
S. tarijense and S. berthaultii (Gibson and Valencia, 1978), eggplant (Solanum melongena) 
(Lianyou et al., 1999), watermelon (Cirtullus lanatus var. lanatus) (Kousik et al., 2007) and 
jute (Corchorus spp.) (Jana et al., 2007). The cause for host plant resistance against P. latus 
has not been described yet, although many hypotheses have been put forward. The 
presence of trichomes may act as a limiting plant trait for the development of broad mites 
in Capsicum species, especially when foliar hairs are present in high densities 
(Thungrabeab and Boonlertnirun, 2002; Matos et al., 2009). This was also observed in S. 
polyadenium and in seedlings of S. tarijense and S. berthaultii, which had foliar hairs with 
a sticky tip (Gibson and Valencia, 1978). The examination of biochemical constituents 
among 15 C. annuum cultivars resulted in a negative correlation with infestation by P. 





total sugars, protein content and nitrogen content were correlated positively with a broad 
mite infestation while no correlation was found for the phosphorous content of the leaves 
(Ahmed et al., 2000). More recently, the negative correlation of chlorophyll content in C. 
annuum and mite numbers was confirmed (Qing et al., 2010). Furthermore, a negative 
correlation exists for the amount of soluble sugars and free serine and the density of leaf 
pubescence. The contents of total free amino acid and soluble protein was positively 
correlated with mite resistance in leaves of 11 pepper cultivars (Qing et al., 2010). 
Stomatal density of abaxial leaf surface was positively correlated on eggplant whereas no 
significant correlation was found with stomatal density at the adaxial leaf surface 
(Lianyou et al., 2001). 
2.5.2. Chemical control 
Gerson (1992) reviewed chemical control of P. latus before 1992. Since then EU 
legislations became more and more strict, as shown by the revision and withdrawal of 
former Council Directives (79/117/EEG and 91/414/EEG) concerning authorized 
pesticides. Nowadays Regulation (EC) No. 1107/2009 lays down rules for authorization 
of plant protection products in commercial form and for their placing on the market, use 
and control within the community. One of the most far-reaching changes included the 
restriction on the use of broad spectrum pesticides, including the complete prohibition of 
the use of endosulfan (an active substance in many plant protection products) from July 
2007 onwards (Commission Decision 2005/864/EC). 
Polyphagotarsonemus latus appears to be insensitive to pyrethroids (Vaissayre, 1986). 
Many trial experiments were conducted to assess the effect of existing or novel pesticides 
against P. latus. Dicofol, chinomethionat, pyridaben, and pyraclofos were effective in 
controlling P. latus on pepper showing over 90% mortality 17 days after application (Cho 
et al., 1996a). Within Europe chinomethionat and pyraclofos are banned (Commission 
Regulation (EC) No. 2076/2002) and the use of dicofol is prohibited by Commission 
Decision 2008/764/EC. Abamectin and milbemectin resulted in nearly total mortality of 
P. latus on the ornamental plant Hedera helix (Audenaert et al., 2009). Cyhexatin reduced 
numbers of P. latus to zero on Paraguay-tea (Ilex paraguariensis) when monitored 90 days 
after application (Alves et al., 2010). Commission Decision 2008/296/EC prohibits the 
use of cyhexatin in Europe. On chilli, diafenthuron (prohibited within Europe by 
Commission Regulation (EC) No. 2076/2002) showed the best efficacy against P. latus 
(63.4-77.1% reduction, depending on the concentration). This acaricide was followed by 
milbemectin (62.2-74.6% reduction) and propargite (60.9-71.8% reduction). Lowest 
mortality of P. latus was recorded after treatment with spinosad (39.2-52.7% reduction) 
(Chakrabarti and Sarkar, 2014). By December 31, 2011 plant protection products 
containing the active substance propargite were withdrawn in Europe (Commission 
Implementing Regulation (EU) No. 943/2011).  
 
An alternative for spray application of acaricides can be found in an acaricide-
treated net. Polyphagotarsonemus latus was completely controlled by dicofol treated nets 
 
 
on Solanum macrocarpon. A trial at a growers’ field in Cotonou (Benin) demonstrated the 
effect of this technique to control the pest when nets were placed over the plants every 
three nights (Martin et al., 2010). However, as stated before, dicofol is banned in the EU 
(Commission Decision 2008/764/EC). 
Less toxic but efficient alternatives to conventional pesticides are sought. Among several 
alternative methods the use of botanical products is considered. Treatments with neem 
(Azadirachta indica) seed extract (azadirachtin as primary active substance) at 
concentrations higher than 0.13 g a.i./L resulted in a negative population growth rate of 
P. latus on Capsicum frutescens (Venzon et al., 2008). Castor oil-based soaps (Ricinus 
communis) with potassium hydroxide and naturally available materials such as botanicals 
and preservatives were significantly effective against P. latus on chilli although they were 
inferior to avermectin in screenhouse experiments (soaps reduced mite population by 
40.5 to 69.3% compared to control treatment). Under field conditions soft soaps were not 
comparable in efficacy to the acaricide avermectin (56.3% reduction), as reduction of 
population was between 9.4 and 31.3% compared to an untreated control (David et al., 
2009). Under plastic, abamectin, liquid sulphur (calcium polysulfide) and a botanical 
product based on canola oil (2% erucic acid rapeseed oil) proved to be effective against 
adult P. latus mites on pepper. Efficacies on immature stages and eggs were highest for 
abamectin, followed by liquid sulphur and canola oil (Montasser et al., 2011a). In field 
experiments on potatoes in Egypt, mite populations were reduced by optimizing mineral 
nutrient levels using boric acid, ascorbic acid and potassium sorbate. Boric acid caused 
the highest reduction percentages (82.1 and 88.0%) during two successive seasons, 2011 
and 2012, respectively. This was followed by ascorbic acid (79.3 and 86.3%) and 
potassium sorbate (53.7 and 56.9%). Ascorbic acid caused highest potato yield, while 
potassium sorbate caused the lowest one (Nour El-Deen et al., 2014). Although boric acid 
and potassium sorbate are described as environmentally safe materials by Nour El-Deen 
et al. (2014), their use within Europe is prohibited by Commission Decision 
2004/129/EC. 
Integrated pest management methods to control P. latus were evaluated on sweet pepper 
(Reddy and Kumar, 2006) and chilli (Gundannavar et al., 2007). On sweet pepper 
alternated spraying of different chemicals was most effective but in a third trial, all the 
revised methods (alternated chemicals or botanical products based on neem) were equal 
(Reddy and Kumar, 2006). Methods that comprised chemical spraying resulted in 
significantly lower amounts of pests per leaf on chilli and a significantly lower leaf curl 
index compared to a control method consisting of locally recommended plant protection 
by the chemicals dimethoate, dicofol and carbaryl, while this was not the case for the non-
chemical intervention method that applied vermicompost, fertilizers and botanical 
products based on neem. However, no differences were found on plant height, dry chilli 
yield, quality and number of branches or green fruits between methods comprising 
chemicals and the method based on non-chemical interventions (Gundannavar et al., 





Decision 2008/764/EC and 2007/355/EC, respectively. However, the latter findings 
suggest the existence of potential non-chemical alternatives to effectively control P. latus. 
 
2.5.3. Biological control 
Prior to 1992 no attempts to control P. latus biologically have been made and no specific 
natural enemies were known (Waterhouse and Norris, 1987), but first insights in the role 
of phytoseiids in suppressing the pest became clear (Gerson, 1992). The first reports of 
biological control of P. latus are summarized by Gerson (1992), who mentioned control 
by predatory mites belonging to Amblyseius, Euseius and Typhlodromus families on many 
crops in different parts of the world.  
Research on the suitability of predatory mites to control arthropod plant pests started in 
the 1960’s. Presently about 230 species of invertebrate biological control agents are 
commercially available including 30 species belonging to the Acari (Van Lenteren, 2012). 
The main focus within the latter group was on phytoseiid mites, some of which are used 
as biological control agents against P. latus. These include the economically important 
species Amblyseius swirskii (Athias-Henriot) (van Manen et al., 2010; Onzo et al., 2012; 
Abou-Awad et al., 2014), Neoseiulus cucumeris (Oudemans)(Li et al., 2003; Weintraub et 
al., 2003) and Neoseiulus californicus (McGregor)(Peña and Osborne, 1996; Jovicich et al., 
2008). Most of these studies evaluated biological control of P. latus on pepper plants, but 
eggplant (Onzo et al., 2012) and bean and lime (Peña and Osborne, 1996) were also 
studied as host plants. Furthermore it has been shown that Amblyseius largoensis (Muma) 
is a biological alternative for the management of P. latus in the protected production of 
peppers in Brazil (Rodríguez et al., 2011a). Augmentative releases of Neoseiulus barkeri 
(Hughes) indicated an ecologically alternative method for control of P. latus on pepper 
(Fan and Petit, 1994). However the effect of this predator was erratic on lime and bean 
(Peña and Osborne, 1996). Screening trials by Audenaert et al. (2009) showed that A. 
swirskii has the potential of controlling P. latus on English ivy (H. helix). These results were 
confirmed on R. simsii (Gobin et al., 2011). Promising results for the control of P. latus on 
R. simsii were obtained for N. barkeri (Gobin et al., 2011). Iphiseiodes zulagai (Denmark & 
Muma) might be more efficient than Euseius concordis (Chant) in reducing populations of 
P. latus on Jatropha curcas, a promising plant species for biofuel production in Brazil 
(Sarmento et al., 2011a). It is more doubtful that the blattisociid mite Lasioseius floridensis 
(Berlese) is a potent predator of P. latus on gerbera in Brazil. Oviposition rates and life 
table parameters indicated that the predator performed much better on the soil nematode 
Rhabditella axei (Cobbold) than on P. latus (Britto et al., 2012). Amblyseius herbicolus 
(Chant), associated with P. latus in chilli pepper in Brazil, performed best (intrinsic 
growth rate) when fed on this pest compared to feeding on pollen of castor bean (Ricinus 
communis) or sunnhemp (Crotalaria juncea) (Rodríguez-Cruz et al., 2013). 
Another method to control P. latus biologically would be the use of entomopathogenic 
fungi. Hirsutella nodulosa attacked P. latus in Cuba (Cabrera et al., 1987). Beauveria 
 
 
bassiana (Balsamo) proved to be the most effective fungal agent followed by Paecilomyces 
fumosoroseus (Wize) and Metarhizium anisopliae (Metchnikoff) against young adult 
females. Egg infection by these fungi was minimal, only 10% in the case of M. 
anisopliae while no infection was recorded by B. bassiana and P. fumosoroseus (Nugroho 
and Ibrahim, 2004). In 2008, it was found that among many other fungi, M. anisopliae 
strain CKM-048 was the most virulent in controlling both larvae and adults of P. latus on 
mulberry trees. There was, however, no ovicidal effect when tested against the eggs of the 
mite (Maketon et al., 2008). On chilli ‘Byadagi’ the overall mite population was suppressed 
effectively by Fusarium semitectum, either alone or in combination with the acaricide 
monocrotophos. The combination of both chemical and fungus best suppressed P. latus, 
whereas it did not affect numbers of the predatory mite Amblyseius ovalis (Evans) 
(Mikunthan and Manjunatha, 2010). It is noteworthy that the use of monocrotophos 
within Europe is prohibited by Commission Regulation (EC) No. 2076/2002. Upon 
treatment with Hirsutella thompsonii isolate CG 541 moderate numbers of P. latus did not 
increase on Paraguay-tea plants during a 90-days period after application. Although there 
was no population increase, losses of 30% plant biomass were reported when compared 
to uninfested plots (Alves et al., 2010). 
2.5.4. Physical control 
Hot water treatment of R. simsii cuttings might be an efficient method to reduce risks of P. 
latus infestation at the start of the plant production cycle. Submersion of R. simsii cuttings 
in warm water (46 °C) prior to planting resulted in good control of P. latus when 
submersion was longer than 6 minutes. However, rooting success of cuttings declined 
with increasing length of submersion at 46 °C, although the effect was inconsistent 
between trials (Gobin et al., 2001; Gobin et al., 2013). Higher temperatures, i.e. 48 °C, 






3. The Belgian pot azalea, Rhododendron simsii hybrid (Planch) 
3.1. Taxonomy, origin and distribution 
Systematic studies that encompassed all sections and subgenera of Rhododendron were 
initiated by Sleumer (1949). Until recently a taxonomic system based on eight subgenera, 
proposed by Chamberlain et al. (1996), was generally accepted by Rhododendron 
specialists (Cox and Cox, 1997). Till then Rhododendron systematics was based on plant 
morphology. Molecular techniques made it possible to revise the Rhododendron 
classification into five subgenera including: Rhododendron, Hymenanthae, Azaleastrum, 
Choniastrum and Therorhodion. For this purpose, the nuclear gene RPB2-I, encoding a 
major RNA polymerase II subunit, was sequenced in 87 species and cladistics analysis was 
performed (Goetsch et al., 2005). 
 
Taxonomic classification of R. simsii according to Goetsch et al. (2005): 
 








SPECIES Rhododendron simsii Planch. 
 
Approximately 800 Rhododendron species are described (Heursel, 1999; van Trier, 2012). 
They can be found in high densities in the Eastern Himalaya region. They appear in the 
northern hemisphere but spread to the south including Malaysia, Indonesia and New-
Guinea. Only one species is described in Australia (Rhododendron viriosum). In the north 
they spread to Korea and Japan. Eastward, Rhododendrons can be found in Northern 
America. While to the west of the Himalaya, Rhododendrons appear from Sino-Himalaya 
to Afghanistan and Caucasus, through Turkey and into Europe. No Rhododendrons have 
been found in Central- and South-America, Africa and Polynesia (van Trier, 2012). 
Rhododendron subsection Tsutsusi, a subsection of the genus Rhododendron, in section 
Tsutsusi, subgenus Azaleastrum, includes some of the evergreen azaleas, among which R. 
simsii. At least four different species might have contributed to the modern R. simsii 
hybrids (Heursel, 1999; van Trier, 2012).  
 
• Rhododendron simsii Planch. 
This species is accepted to be the main ancestor and originates from hilly areas in 
China (Chang Jiang valley) (Heursel, 1999). The evergreen shrub is found at elevations 
of 500-1200 m and widely distributed in subtropical China (Li et al., 2012). It has also 
 
 
been found in Taiwan, Myanmar, Laos and Thailand (Heursel, 1999). R. simsii is not 
winter hardy since in its natural habitat temperatures vary between 8.6 and 20.2 °C. 
Flowers of R. simsii are typically red (Heursel, 1999). It is reported to be introduced in 
Belgium in 1818 (Scheerlinck et al., 1938). 
 
• Rhododendron indicum (L.) Sweet 
R. indicum originates from the Japanese islands Honshu, Shikoku, Kyushu and 
Yakushima (Heursel, 1999). Formerly this species was confused with R. simsii but it 
can be distinguished based on the number of anthers. R. indicum has 5 anthers while 
10 (sometimes 8) anthers can be found on flowers of R. simsii (Bean, 1980). Flowers 
are colored carmine red (Heursel, 1999). 
 
• Rhododendron scabrum G.Don 
On the borders of the East China Sea and the Philippine Sea, R. scabrum can be found 
on the Ryukyu Islands (Japan). Originated in a subtropical climate this species is not 
winter hardy. Flowers can be colored purple, carmine red or red (Heursel, 1999). 
 
• Rhododendron mucronatum G.Don 
This species is described on a cultivated white flowering plant introduced to England 
from China. ‘Noordtiana’, providing white flowers, is probably used most for breeding 
as it also carries genetic information for purple colored flowers. R. mucronatum is 
winter hardy (Heursel, 1999). 
R. simsii introduced the early flowering and the ability to produce sports into the modern 
pot azalea. A sport has been defined as “an individual exhibiting in whole or in parts a 
sudden spontaneous deviation beyond the normal limits of individual variation usually a 
result of mutation, especially of somatic tissue” (Pratt, 1980). R. scabrum and R. 
mucronatum have introduced purple flower colors and large flowers, the globular plant 
habitat and carmine red flower color are features coming from R. indicum (Heursel, 1999)  
 
Table 2.1 Contributions of the three most important ancestors into Belgian pot azaleas. 
Horizontal arrows indicate mutual influences (Heursel, 1999). 
Trait R. indicum  R. simsii  R. scabrum 
Origin Japan  China  Japan 
Plant  habit Globular ⟷ Upright  Upright 
Flower size Small ⟷ Medium ⟵ Large 
Flower color Carmine red ⟷ Red ⟵ Purple 
Flowering time Late  Early  Medium early 
      ↓          ↓       ↓ 






3.2. Economic importance for Ghent region 
Belgium, more specifically the Ghent region is known for the production of the modern 
pot azalea. Belgian production is located for 96.2% in East Flanders (EROV, 2012). In 
2013, azalea production area in Belgium was estimated to be 260 ha in total, 111 ha in 
open air and 149 ha in greenhouses (VLAM, 2014). Within Europe the Belgian production 
accounts for 80%, averaging the production of 30 million plants annually (EROV, 2012). 
Belgian export value in 2013 was €32.2 million (including rhododendron) while the 
import value accounted for only €0.8 million, this resulted in a positive trade balance of 
€31.4 million. Ca. 80% of Belgian azaleas and rhododendrons are exported to France, The 
Netherlands, Italy, Germany and the UK. The other EU and non-EU countries import ca. 11 
and 9% of these plants, respectively (VLAM, 2014).  
In 2010, ‘Gentse azalea’ or Ghent azalea, was designated with a ‘Protected Geographical 
Indication’ (Commission Regulation (EU) 300/2010). This made it the first European 
ornamental plant product to be recognised. To obtain the label of Ghent azalea strict 
quality requirements have to be fulfilled. Plants should be cultivated in East Flanders and 
having 80% colored buds. Further the producer complies with ‘Project Azalea Kwaliteit’ 
and meets the strict quality standards including subjection to independent monitoring 
and participation in flower tests to control the pre-defined quality requirements 
(www.gentseazalea.be). 
3.3. Cultivation process  
Today modern azalea cultivars are all propagated vegetatively. In the past some cultivars 
were multiplied by grafting on a rootstock. One to five cuttings, depending on the desired 
plant diameter, are placed directly in the final pot. Plant material is then covered with 
plastic providing constant conditions of high relative humidity and soil temperature 
around 23-25 °C. Under these conditions rooting is stimulated. After 8 to 10 weeks the 
plastic cover is removed and plants are pinched for the first time. Pinching results in 
branching as the removal of the apical meristem lifts the apical dominance, enabling the 
outgrowth of axillary buds. Successive rounds of pinching occur depending on the desired 
plant diameter and globular shape. After the second pinch plants are placed outdoors on 
container fields during summer. Plant growth and initiation of the generative phase is 
further regulated by treatments with plant growth regulators (Keever, 1990; Marosz and 
Matysiak, 2005; Meijón et al., 2009). Chlormequat chloride (Cycocel®) and paclobutrazol 
(Bonzi®) are the most commonly used growth retardants in azalea cultivation. Flower 
buds require a period of cold to break flower bud dormancy that inhibits fully open and 
functional flowers. Temperatures for dormancy breaking are generally between 2.5 and 
9 °C (Richardson et al., 1974), and the optimum for R. simsii hybrids is 7 °C (Stuart, 1965). 
Depending on the length of chilling requirement, azaleas can be classified as very early 
flowering (from August 15), early flowering (from December 1), medium early flowering 
(from January 15) and late flowering (from February 15) (Heursel, 1999). Finally, azalea 
plants are forced to flower in heated greenhouses (20-21 °C). To speed up the uniform 
 
 
opening of flowers, additional light can be supplemented when natural light levels are low 
(Heursel, 1999; De Keyser, 2010; Christiaens, 2014a) (Fig 2.8).   
 
Fig 2.8 Scheme of pot azalea production cycle indicating the duration and temperature 
conditions in the main phases. 
3.1. Breeding 
The first commercially released cultivar ‘Madame Vercruyssen’ was introduced in 1867. 
Since then breeding of azaleas gained more attention (van Trier, 2012). In Belgium there 
are two important breeding programs of azalea. They are led by a company, Hortinno®, 
and a public research institution, ILVO (Institute for Agricultural and Fisheries Research). 
In 2008, 21 azalea growers joined forces as a cooperative named AZANOVA and started 
investing in the breeding program of ILVO (www.azanova.be) (Fig 2.9). Besides these 
programs some Belgian growers still have their own small breeding programs. 
Historically, German breeders were most successful by introducing 47% of the cultivars 
on the Belgian market, whereas Belgian breeders only introduced 38% (Heursel, 1999). 
Today only two important German breeders are remaining, Rannacher and Stahnke-
Dettmer.  
After the commercial success of ‘Madame Vercruyssen’ in 1867, two other key cultivars 
were introduced. ‘Madame Petrick’ (1880) produces pink doubled-flowers. Blooming of 
this cultivar was possible before Christmas, unlike most cultivars which were late 
bloomers. The introduction of ‘H. Vogel’ in 1967 advanced flowering, making it already 
possible to flower in fall. Other advantages of this cultivar are the ability to grow on its 
own roots making grafting superfluous and the excellent ability to regulate flowering time 
(van Trier, 2012). ‘H. Vogel’ is known for its easy formation of sports. Together with its 
sports, it has a total market share of 65% (van Trier, 2012). Of all cultivars in pot azaleas, 
52% are a result of sports (Horn, 2002).  
 
Crossbreeding, the process of bringing pollen of a desired donor plant to the anthers of a 
selected host plant, is mainly used to select for new traits in azalea cultivars. Flower color 
is in accordance with other ornamentals the most important criterion for selection. Next 
to flower color, leaf shape and color, growth vigor, plant architecture, earliness of 
flowering, and post-production quality (longevity of flowers, absence of brown bud 
scales) are other important traits for breeding. Different factors can impede the process 
of crossbreeding. Large differences in flower time between cultivars or sterile azalea 
flowers, especially doubled-flowers which mostly lack stamens or have deformed carpels 
form serious problems. Azalea is a cross-pollinator; however, self-pollination is possible 
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but will result in inbreeding depression as shown by lower seed yield and growth vigor 
(De Keyser, 2010; Christiaens, 2014a). 
Another way to introduce new cultivars can be achieved by bud sporting. It is the 
consequence of sudden variations in gene expression of somatic cells which leads to the 
occurrence of phenotypically altered shoots (De Schepper et al., 2004). This process 
occurs naturally but can also be induced by hormonal treatments of explants (Samyn et 
al., 2002) or by irradiation with soft X-rays (De Loose, 1979). In-vitro assisted breeding 
has been shown to be a useful tool to produce sports and polyploid plants (Eeckhaut et 
al., 2009, 2013).  
Other laboratory techniques can also assist in azalea breeding. Inheritance of color 
pigments in azalea was identified by Heursel (1999). After genes responsible for the 
biosynthesis of anthocyanins were identified (De Schepper, 2001; Nakatsuka et al., 2008; 
De Keyser, 2010), the first steps of molecular-assisted breeding have been taken (De 
Keyser, 2010). Agrobacterium-mediated or microprojectile bombardment transformation 
of azalea (Deroles et al., 2002), might introduce new flower colors.  
 
Fig 2.9 Scheme of the commercial pot azalea breeding program of ILVO. 
 
More recently breeding for biotic resistance in azalea gained attention as azalea 
production can be hampered by fungal diseases Phytophthora citricola Saw. and 
Cylindrocladium spp. (Backhaus, 1994a, 1994b) and the pest P. latus (Heungens, 1986). 
Supporting techniques for breeding against these fungal diseases have been developed by 
De Keyser et al. (2008) and are used in practice (Van Huylenbroeck et al., 2015). Screening 
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4. Plant defence regulated by the phytohormone jasmonic acid 
4.1. Plant defence 
As a first line of defence, plant pests encounter physical or structural barriers (e.g. 
lignified cell walls), as well as constitutive chemical defences (Gatehouse, 2002; Mysore 
and Ryu, 2004). These first line mechanisms are potent defences against a wide range of 
herbivores and pathogens except those that have suitable counter-adaptations like 
detoxification or excretion pathways (Gatehouse, 2002; Pedras and Ahiahonu, 2005). 
Besides these defences, more complicated induced immune defences protect plants from 
either pathogens or herbivores.  
The induced defence response to pathogens is a multi-layered process generally 
accepted as the four phased zigzag model by Jones and Dangl (2006). In this model 
induced defence responses are initiated by the recognition of conserved pathogen-
associated molecular patterns (PAMPs) by the pattern recognition receptors. Upon the 
recognition of extracellular PAMPs, pattern recognition receptors induce PAMP-triggered 
plant immunity (PTI) that restricts pathogen propagation. Pathogens have evolutionary 
evolved effectors that suppress PAMP-triggered plant immunity. However, the specific 
recognition of these effectors by plant disease resistance proteins leads to effector 
triggered-immunity (ETI) and plant resistance (Jones and Dangl, 2006). 
As compared to the elaborate knowledge of plant-pathogen interactions, the 
understanding of plant-arthropod interactions is still rudimentary (Zhurov et al., 2014) 
and current insights suggest that plants perceive herbivore attack by recognition of 
general herbivore-associated molecular patterns (HAMPs), which are elicitors originating 
mainly from herbivore oral secretions (Bonaventure, 2012), and by damage-associated 
molecular patterns (DAMPs) that result from wounding or enzymatic reactions imposed 
by the herbivore (Pearce et al., 1991; McGurl et al., 1992; Schmelz et al., 2006; Yamaguchi 
and Huffaker, 2011). Jasmonic acid (JA) is associated in playing a major role in HAMP- 
and/or DAMP-induced defence responses against a range of herbivores (Browse, 2009a). 
In some instances defence responses can also be regulated by jasmonoyl-L-isoleucine (JA-
Ile) and oxo-phytodienoic acid (OPDA) (Stintzi et al., 2001). However, phytohormones 
salicylic acid (SA) and ethylene have also been linked to herbivore responses since they 
are able to modulate JA metabolism and signalling (Robert-Seilaniantz et al., 2011) or 
induce responses independently from JA (Li et al., 2006). 
In 1962, the methyl ester of jasmonic acid (MeJA) was isolated as a floral scent 
compound from the aromatic oil of Jasminum grandiflorum (Demole et al., 1962). 
Approximately 20 years later, the first physiological effects were reported, i.e. a 
senescence-promoting effect of JA (Ueda and Kato, 1980) and growth inhibition activity 
in Vicia faba by MeJA (Dathe, 1981). Jasmonic acid is likely to occur ubiquitinously in the 
plant kingdom, and it has been found in some fungi (Schaller, 2001). The JA pathway plays 
a significant role in both monocots and dicots that diverged 200 million years ago. 
Ancestral plant forms such as algae contain a relatively primitive oxylipin signalling 
component but expansion of this hormone signalling pathway has likely occurred during 





we study the role of the phytohormone JA in defence against the mite pest, P. latus on R. 
simsii hybrids. A short overview on JA biosynthesis, signalling, function, and crosstalk with 
other phytohormones is given in the following paragraphs.  
 
4.2. Jasmonic acid biosynthesis and signalling 
4.2.1. Biosynthesis 
Jasmonic acid biosynthesis starting from free α-linolenic acid (LeA,18:3) as substrate, 
referred to as the Vick and Zimmermann pathway (also known as the octadecanoid 
pathway) (Schaller et al., 2005), is considered the major source of JA production in plants 
(Yan et al., 2013).  
Biosynthesis of JA is initiated by the release of α-linolenic acid (18:3) from chloroplast 
membrane lipids (Ishiguro et al., 2001; Hyun et al., 2008) (Fig 2.10). Lipoxygenases 
(LOXs) incorporate molecular oxygen at either position 9 or 13 of α-linolenic acid (18:3) 
producing hydroperoxides, 9-/13-HPOT (Vick and Zimmermann, 1983). Allene oxide 
synthase (AOS) then dehydrates 9-/13-HPOT to unstable epoxides, either 9,10-EOT or 
12,13-EOT (Laudert et al., 1996). AOS genes are strongly induced by JA and wounding 
(Laudert and Weiler, 1998). Another enzyme, allene oxide cyclase (AOC), catalyses the 
stereospecific cyclization to form the cis-(+) enantiomer OPDA (Ziegler et al., 2000). 
Arabidopsis and rice AOC genes are differentially regulated upon wounding, JA-treatment 
and environmental stresses (Agrawal et al., 2004).  
As all previous steps occurred in the chloroplast, the following conversions take 
place in the peroxisome. The mechanism for OPDA transport between chloroplast and 
peroxisome has not been completely understood. However, a peroxisomal ABC 
transporter protein COMATOSE (Footitt et al., 2002, 2007; Theodoulou et al., 2005), also 
known as PXA1 (Zolman et al., 2001) or PED3 (Hayashi et al., 2002) may be involved. In 
the peroxisome OPDA, a cyclopentenone, is oxidized to a cyclopentanone (OPC-8:0) by 
OPDA reductase (OPR) (Schaller and Weiler, 1997; Schaller et al., 1998). It has been 
shown that OPR3 (Müssig et al., 2000) is the only isoenzyme involved in JA biosynthesis 
(Schaller et al., 2000). Furthermore in Arabidopsis this gene is induced after wounding or 
MeJA treatment (Costa et al., 2000). In one of the alternative biosynthesis routes 
hexadecatrienoic acid (16:3) can be converted by the same enzymes forming dinor-
oxophytodienoic acid (dn-OPDA) (Weber et al., 1997). 
Finally, three rounds of β-oxidation shorten the carboxyl side chain from the precursor 
(Miersch and Wasternack, 2000). Before the final β-oxidation steps can take place, the 
carboxylic group of OPC-8:0 must be esterified forming OPC-8:0-CoA (Baker et al., 2006; 
Koo and Howe, 2007). Each β-oxidation step is catalysed by acyl-CoA oxidase (ACX) (Li et 
al., 2005), multifunctional protein (MFP) (Delker et al., 2007) and L-3-ketoacyl-CoA 
thiolase (KAT) (Castillo et al., 2004). Once synthesised, the (3R,7S)-JA is released in the 




Jasmonic acid can then be converted to MeJA by JA carboxyl methyltransferase (JMT) (Seo 
et al., 2001). MeJA mediates diverse developmental processes and defence responses 
against biotic and abiotic stresses (Cheong and Choi, 2003). Jasmonoyl-L- isoleucine, the 
only bioactive ligand involved in JA signalling is formed by conjugation of isoleucine to JA 
via the enzyme JAR1 (Staswick and Tiryaki, 2004).   
 
Fig 2.10 Biosynthesis pathway of jasmonic acid in Arabidopsis thaliana adapted after Dave 
and Graham (2012). DAD1, DEFECTIVE IN ANTHER DEHISCENCE1; DGL, DONGLE; 13-LOX, 
13-lipoxygenase; 13-AOS, 13-allene oxide synthase; AOC, allene oxide cyclase; OPR3, 12-
oxophytodienoate reductase3; OPCL1, OPC-8:CoA ligase1; CTS, COMATOSE; PXA1, 
PEROXISOMAL ABC TRANSPORTER1; ACX, acyl CoA oxidase; KAT, 3-l-ketoacyl-CoA-
thiolase; MFP, multifunctional protein; JA, jasmonic acid; cis-OPDA, cis-(+)-12-
oxophytodienoic acid; dn-OPDA, dinor-oxo-phytodienoic acid; JAR1, JASMONATE 
RESISTANT1; JA-Ile, jasmonoyl-L-isoleucine. 
Jasmonic acid biosynthesis and activities are regulated by three strategies; (1) expression 
of the enzymes in JA biosynthesis pathway, (2) controlling the substrate availability and 
(3) storing and reusing of intermediates or conjugations of JA (Yan et al., 2013). 
4.2.2. Signalling 
Jasmonic acid signalling is extensively reviewed in literature (Wasternack, 2007; Balbi 
and Devoto, 2008; Chico et al., 2008; Katsir et al., 2008a; Kazan and Manners, 2008, 2012; 





al., 2009; Memelink, 2009; Gfeller et al., 2010; Pauwels and Goossens, 2011; Wager and 
Browse, 2012; Lyons et al., 2013; Santino et al., 2013; Wasternack and Hause, 2013).  
In the absence of or at low levels of the hormonal signal, JAZ (Jasmonate ZIM-
domain-containing protein), proteins actively repress the activity of basic-helix-loop-
helix (bHLH) related transcript factors (e.g. MYC2) with help of adaptor protein NINJA 
that recruits co-repressor TOPLESS (TPL) and TPL-related proteins (Pauwels et al., 2010) 
(Fig 2.11a).  
In the presence of JA-Ile, produced as response upon external stimuli, JAZ proteins 
interact with COI1 (Coronatine Insensitive1 protein) (Chini et al., 2007; Thines et al., 
2007; Yan et al., 2007). It was shown that COI1 encodes an F-box protein (Xie et al., 1998) 
which is known to associate with CUL1, Rbx1 and one of the SKP1 orthologues ASK1 or 
ASK2 forming an E3 ubiquitin ligase, known as the SCFCOI1 complex (Xu et al., 2002). 
Interaction to the SCFCOI1 complex leads to poly-ubiquitination and subsequent 
degradation of JAZs by the 26S proteasome releasing MYC2 and other transcription 
factors, permitting expression of jasmonate-responsive genes (Fig 2.11b).  
 
 
Fig 2.11 Jasmonate perception in plants adapted after De Geyter et al. (2012). (a) In the 
absence of JA-isoleucine (JA–Ile). (b) Upon stress or developmental cues (i.e. when JA–Ile 
levels increase). Jas, Jas domain; COI1, CORONATINE INSENSITIVE 1; SCF, Skp–Cullin–F-box-
type E3 ubiquitin ligase; NINJA, Novel Interactor of JAZ, JA-Ile, Jasmonic acid-isoleucine; 
JAZ, Jasmonic acid ZIM domain; 26S, 26S proteasome.  
 
Jasmonic acid and MeJA have been considered for a long time to be the bioactive ligand 
because of their physiological effects and abundance in the plant (Creelman and Mullet, 
 
 
1995). However JA-Ile is the only compound in JA signalling that promotes COI1-JAZ 
binding, indicating only JA-Ile is the direct bioactive JA signalling ligand in plants (Thines 
et al., 2007). The floral scent MeJA has now been identified as a vital cellular regulator that 
mediates diverse developmental processes and defence responses against biotic and 
abiotic stresses (Cheong and Choi, 2003). It is a key enzyme for airborne-jasmonate-
regulated plant responses (Yan et al., 2013). 
 
To terminate JA signalling in order to sense new environmental cues, plants must reset 
their signalling cascade. Besides the negative feedback loop mediated by COI1 (Thines et 
al., 2007), hydroxylation of JA (Miersch et al., 2008) and hydroxylation and carboxylation 
of JA-Ile (Kitaoka et al., 2011; Koo et al., 2011; Heitz et al., 2012) were reported to be 
efficient means of directly inactivating signalling molecules. Recently, an alternative 
pathway led by JIH1 is hypothesized to hydrolyse JA-Ile to JA (Woldemariam et al., 2012) 
and contributes to a termination of JA signalling in Nicotiana attenuata to regulate plant 
defence responses (Woldemariam et al., 2012, 2014). 
4.3. Functions of jasmonic acid in the plant 
Jasmonic acid is involved in a large number of different physiological processes of plants. 
During plant development it plays a role in reproductive organ development in 
monocotyledonous and dicotyledonous plants. Besides inhibition of seed germination, 
root growth as well as the lateral root formation and adventitious rooting is inhibited. 
Growth of above-ground plant parts is also inhibited by JA. Furthermore it controls leaf 
senescence, trichome initiation and is involved in gravitropism and leaf movement. It is 
an essential signal in defence against herbivores and pathogens and regulates secondary 
metabolite biosynthesis. Other environmental cues mediated by JA are light, seasonal and 
circadian rhythms, cold stress, desiccation stress, salt stress and UV stress. Recent reviews 
by Wasternack and Hause (2013) and Yan et al. (2013) discuss the wide range of functions 
assigned to the phytohormone JA in plants.  
4.4. Role of jasmonic acid in plant defence 
Defence mechanisms against insect herbivores have extensively been reviewed 
(Gatehouse, 2002; Howe and Jander, 2008; Wu and Baldwin, 2010; Fürstenberg-Hägg et 
al., 2013) while the chemical aspects of plant defence against herbivores are reviewed by 
Mithöfer and Boland (2012). Besides insects, a group of major ecological and agricultural 
importance among arthropods are the chelicerates, including phytophagous mites. Of 
these, the two-spotted spider mite, Tetranychus urticae (Koch), is the best characterized 
in terms of its interactions with plants (Zhurov et al., 2014). 
The use of JA-perception or –biosynthesis mutants has demonstrated that spider 
mite maximal reproductive performance is achieved in the absence of JA signalling (Li et 
al., 2002, 2004; Ament et al., 2004; Kant et al., 2008). Furthermore it has been shown that 
most genotypes of T. urticae simultaneously induce expression of JA- and SA-dependent 
marker genes (Li et al., 2002; Ament et al., 2004; Kant et al., 2004; Agut et al., 2014). 





that some spider mites were found to suppress expression of these marker genes (Kant 
et al., 2008; Sarmento et al., 2011b). This was further evidenced by Alba et al. (2015), as 
two Tetranychus evansi (Baker & Pritchard) strains and one T. urticae strain showed to 
suppress plant defence downstream of JA and SA accumulation, independently from the 
JA-SA antagonism. 
A unique approach to mite control involves activating plant defences to reduce 
mite vigour and/or mite preference for a crop (Rohwer and Erwin, 2010). This can be 
achieved by exogenous application of phytohormones. The application of JA or one of its 
derivates (i.e. MeJA) successfully reduced T. urticae proliferation on different plant 
species (Omer et al., 2001; Li et al., 2002; Choh et al., 2004; Warabieda et al., 2005; Rohwer 
and Erwin, 2010; Warabieda and Olszak, 2012; Agut et al., 2014). As a consequence of the 
induced plant defence, a fitness cost may be the result for the plant (Baldwin, 1998; 
Redman et al., 2001). Horticultural and biotechnical applications of jasmonates and the 
impact on plant growth and physiology are reviewed by Rohwer and Erwin (2008) and 
Wasternack (2014).  
Despite the studies on plant defence against the two-spotted spider mite, literature 
concerning the molecular pathways involved in defence against P. latus remain scarce. 
Limited evidence for JA mediated defence responses upon P. latus infestation is 
summarized in the following paragraph.  
 
It has been shown that P. latus infestation activates JA- and SA-dependent pathways, and 
possibly an oxidative stress response in cucumber leaves, Cucumis sativus (L.) (Grinberg 
et al., 2005). In order to evaluate the possible involvement of the JA signalling pathway in 
defence against this pest, Grinberg et al. (2007) compared feeding on the mite resistent 
wild type (WT) tomato, Lycopersicon esculentum (Mill) ‘Castlemart’ and the mite 
susceptible mutant def-1 that is impaired in JA biosynthesis. Broad mite feeding did not 
affect growth and leaf development in the WT plants, but did cause a 50-60% inhibition 
in def-1 plants. Progeny counts showed that mite populations developed only on def-1 
plants. Furthermore, P. latus is able to actively discriminate between resistant and 
susceptible plants, preferring JA-defective mutants (Alagarmalai et al., 2007; Grinberg et 
al., 2007). In conclusion, the JA pathway appears to play a central role in the resistance 
response against P. latus (Grinberg et al., 2007). 
4.5. Crosstalk with other phytohormones in plant defence 
While receptors and pathways for individual hormones are being illustrated, mounting 
evidence suggests that these signalling pathways are interconnected in a complex 
network, in which phytohormones not only orchestrate intrinsic developmental cues, but 
also convey environmental inputs by means of synergistic or antagonistic actions referred 
to as signalling crosstalk (Cui and Luan, 2012). Classic phytohormones are abscisic acid 
(ABA), auxins, cytokinins, ethylene, and gibberellins, but small signalling molecules such 
as brassinosteroids, jasmonates (JAs), and salicylic acid (SA) are recognized as 
phytohormones as well (Pieterse et al., 2012). Moreover, it is becoming clear that more 
than one phytohormonal pathway is induced by an attacker. Hormonal blends are 
 
 
produced in response to different types of attackers; they differ in composition, quantity 
and timing, and depend on the lifestyle and invasion strategy of the attacker (De Vos et 
al., 2005). SA signalling positively regulates plant defence against biotrophic pathogens, 
whereas ethylene/JA pathways are commonly required for resistance to necrotrophic 
pathogens and to herbivorous pests (Glazebrook, 2005). Interaction with or involvement 
of other phytohormones such as ABA, auxin, cytokinins, gibberellins and brassinosteroids, 
in plant defence is reviewed by Bari and Jones (2009), Pieterse et al. (2009, 2012) and 
Robert-Seilaniantz et al. (2011). 
4.6. Salicylic acid biosynthesis and signalling 
4.6.1. Biosynthesis 
Salicylic acid is synthesized through two different pathways; the phenylpropanoid 
pathway and the isochorismate pathway. Both pathways originate from chorismate 
(Dempsey et al., 2011) (Fig 2.12). 
The chloroplasmatic isochorismate pathway (route 1). Conversion of chorismate to 
isochorismate (IC) is facilitated by the enzyme isochorismate synthase (ICS) (Wildermuth 
et al., 2001; Strawn et al., 2007; Garcion et al., 2008). ICS homologs have been identified 
in a wide variety of plant species and given their role in phylloquinon synthesis, it is highly 
likely that ICS homologs will be identified in all plant species (Dempsey et al., 2011). The 
mechanisms through which IC is converted is unclear, it is assumed to occur 
enzymatically via IC pyruvate-lyases (IPLs) (Dempsey et al., 2011). However, plant 
genomes encode no homologous genes to bacterial IPLs. Expression of bacterial enzymes 
catalyzing this conversion together with ICS in chloroplasts leads to constitutive 
accumulation of SA (Verberne et al., 2000; Mauch et al., 2001). Thus, it is conceivable that 
plants have yet-undetermined gene(s) whose product(s) possess IPL activity in 
chloroplasts (Seyfferth and Tsuda, 2014). 
The cytoplasmic phenylpropanoid pathway (route 2). This biosynthesis pathway 
begins with the conversion of phenylalanine to trans-cinnamic acid (t-CA) and NH3 via a 
non-oxidative deamination reaction by the phenyl ammonia-lyase (PAL) enzyme (Raes et 
al., 2003; Rohde et al., 2004). t-CA is then converted via two possible intermediates: ortho-
coumaric acid (route 2a) or benzoic acid (BA) (route 2b and 2c), depending on the plant 
species (Klämbt, 1962; El-Basyouni et al., 1964; Chadha and Brown, 1974). It was found 
that plants can potentially use three biosynthetic routes to BA. First, a beta-oxidation 
route from cinnomayl Co-A (route 2c-1). Secondly, a non-oxidative route from cinnamoyl 
CoA (route 2c-2). Thirdly, a non-oxidative route from t-CA to BA (route 2b) (Wildermuth, 
2006). Finally, SA is derived from BA via hydroxylation and catalyzed by benzoic acid 2-
hydroxylase (BA2H) (León et al., 1993; Yalpani et al., 1994; León et al., 1995; Ryals et al., 
1996). The PAL enzyme is also the first enzyme involved in the phenylpropanoid 
derivative metabolism, and is one of the most extensively studied enzymes for its crucial 
function as branch point between primary and secondary metabolism (Hahlbrock and 





compounds with many functions in plants. Lignin for instance is a major component of 
secondarily thickened cell walls in the plant vascular system essential for stem rigidity 
and for conducting water, minerals and photosynthetic products through the plant. 
Phenylpropanoids are also precursors to flavonoids, isoflavonoids, cumarins and 
stilbenes. These compounds have important functions in plant defence against pathogens 
and other biological threats, as UV light protectants and as regulatory molecules in signal 
transduction and communication with other organisms (Ferrer et al., 2008). 
SA can then be converted to many side products including methyl salicylate (Chen et al., 
2013). Most modifications render SA inactive, while at the same time they allow fine-
tuning of its accumulation, function, and/or mobility (Dempsey et al., 2011). The 
biologically relevant chemical modifications including glycosylation, methylation, amino 
acid conjugation, sulfonation and hydroxylation are extensively reviewed by Dempsey at 
al. (2011).  
4.6.1. Signalling 
NPR1 (NON-EXPRESSOR of PATHOGENESIS-RELATED GENES) is a master regulator of SA 
mediated transcriptional reprogramming and immunity, functioning as a transcriptional 
coactivator (Pajerowska-Mukhtar et al., 2013). It binds directly to SA, but not inactive 
structural analogs, through two key cysteine residus (Cys521 and Cys529) via the transition 
metal copper (Wu et al., 2012). However, Cys521/529 are not conserved among plant 
species, raising an issue. Further research identified two homologs of NPR1, NPR3 and 
NPR4, as SA receptors (Fu et al., 2012). NPR1 is subjected to degradation via the 26S 
proteasome pathway in the absence of SA (Spoel et al., 2009). Fu et al. (2012) found that 
NPR3 and NPR4 interact with NPR1 and are required for NPR1 degradation. NPR3 and 
NPR4 bind SA with different affinities. NPR4 has higher binding affinity and NPR3 has 
lower binding affinity. In their model Fu et al. (2012) proposed that when SA levels are 
high enough NPR1 is degraded by NPR3 and NPR1 interaction. When the SA levels are low 
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Fig 2.12 Biosynthesis pathways of salicylic acid in plants, adapted after Dempsey et al. 
(2011). Pathway products branching from precursors and intermediates in the proposed 
SA biosynthetic pathways are shown, with focus on Arabidopsis compounds. Open arrows 
indicate flux to these pathways, with larger arrows indicating greater flux. For the PAL 
pathway, there are a number of possible routes to SA (2a, 2b, 2c-1, 2c-2). Synthesis of SA 
from BA could also include glycosylated intermediates (not shown). Enzymes (red) are 
abbreviated as follows: aldehyde oxidase (AAO), 4-amino-4-deoxychorismate synthase 
(ADCS), anthranilate synthase (AS), benzoic acid 2-hydroxylase (BA2H), benzoyl-CoA ligase 
(BZL), cinnamate 4-hydroxylase (C4H), 4-coumarate: CoA ligase (4CL), chorismate mutase 
(CM), isochorismate synthase (ICS), isochorismate pyruvate lyase (IPL), and phenylalanine 






Fig 2.13 Salicylic acid perception in plants, adapted after Yan and Dong (2014). NPR1 is a 
key positive regulator of SA-mediated responses. NPR3 and NPR4 are the adaptor proteins 
to mediate NPR1 degradation. NPR4 is a high affinity SA receptor and NPR3 is a low affinity 
SA receptor. SA blocks NPR4-NPR1 interaction and facilitates NPR3-NPR1 interaction. 
When SA level is very low, NPR1 level is low because NPR4 mediates its degradation. When 
SA level is very high, NPR1 level is also low because NPR3 mediates its degradation. At the 
medium SA level, NPR1 level is the highest because SA level is enough to disrupt NPR4-
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The broad mite, Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae) is a 
cosmopolitan pest affecting numerous plants of more than 60 families (Gerson, 1992). Its 
highly polyphagous feeding behavior results in severe damage on many economically 
important crops and ornamentals worldwide (Jeppson et al., 1975; Gerson, 1992; Zhang, 
2003). In Belgium, this mite is a key pest in ornamental plant production, particularly pot 
azalea, Rhododendron simsii Planch hybrids. Reports on the prevalence and biology of the 
broad mite on R. simsii are scarce in scientific literature. Ewing (1939) was the first to 
report the occurrence of broad mites on Ericaceae in North America. According to Navajas 
et al. (2010), P. latus was first recorded in Italy in 1961. Since then, the mite has been 
found in other European countries including Belgium, where it was reported for the first 
time on R. simsii in the mid-1980s (Heungens, 1986). The broad mite feeds on the 
youngest growth tips, causing malformation of the flower buds and the terminal leaves. 
The latter become severely stunted and hardened, curl down at the edges, and show 
brownish or reddish lower surfaces. As in many other ornamental crops, the mite’s 
feeding behavior on R. simsii results in severe economic damage (Labanowski & Soika, 
2006). 
With an annual production of over 35 million plants, R. simsii hybrids are the most 
important flowering pot plants produced in Belgium. ‘Hellmut Vogel’ and its derived color 
sports account for approximately 60% of the Belgian azalea production. The culture is 
highly automated and flowering plants are available nearly year-round. Depending on the 
plant growth phase, different climate conditions are applied. The production process 
starts by rooting cuttings under a plastic cover during two months at a soil temperature 
of 22-25 °C. The plants are then grown vegetatively during several months in a 
greenhouse or in summer outside on container fields. Flower initiation takes place in June. 
In this stage temperature is less controlled. During winter, plants are protected from 
temperatures below 5 °C. To break flower bud dormancy, plants are placed in cold storage 
rooms at 7 °C for 4 to 7 weeks without assimilation light. The plants are then forced to 
flower in a heated greenhouse at a constant temperature of ± 21 °C for 10 to 21 days. To 
speed up this latter process additional light (± 40 µmol.m-2.s-1, daylength 16 to 20 h) can 
be supplied during dark periods of the year.  
During recent years, a significant increase in the pest status of P. latus in pot azalea has 
been observed due to restrictions on the use of broad spectrum acaricides in European 
horticulture. For this reason, biological control using predatory mites has gained 
attention (e.g., van Maanen et al., 2010; Rodríguez et al., 2011a; Onzo et al., 2012; 
Vangansbeke et al., 2013). However, the development of biological control programs 
against broad mites is hampered by a lack of insight into the basic biology of this cryptic 
pest. For instance, there is little information concerning thermal requirements of these 
mites. The relation between temperature and developmental rate of P. latus has only been 
studied based on a linear model using chili pepper (Li et al., 1985) and Vitis vinifera 






The objective of the present laboratory study was to estimate the thermal 
requirements and thresholds of P. latus on R. simsii ‘Nordlicht’. This cultivar is an 
important commercial sport of R. simsii ‘Hellmut Vogel’. Besides a linear model, two non-
linear models (Lactin et al., 1995; Brière et al., 1999) were used to assess thermal budgets 
and thresholds of the different life stages of P. latus.  
 
2. Materials and methods 
2.1. Broad mite culture and plant material 
Broad mites were taken from a colony started by placing naturally infected R. simsii 
hybrids in a greenhouse. The minimum temperature in the greenhouse was set at 21 °C, 
ventilation was activated starting at 26 °C. The photoperiod was 16:8 h (L:D). When light 
intensity was below 100 W.m-2, additional assimilation light (50 µmol.m-2.s-1) was given. 
When light exceeded 200 W.m-2, shades were unrolled to reduce the light intensity below 
200 W.m-2.  
Young fresh leaves from newly emerging shoots from uninfested R. simsii ‘Nordlicht’ 
plants were used in the experiments to produce leaf discs. Clean plant material was kept 
in a separate greenhouse with a minimum temperature of 5 °C, ventilation temperature 
set at 20 °C and no supplementary assimilation light.  
 
2.2. Broad mite development 
The duration of all immature stages of P. latus was measured in incubators (Vötsch Bio 
Line VB 1014, Germany) at 6 constant temperatures: 15, 17, 20, 25, 30 and 33 ± 1 °C. 
Temperature was logged using Testo 174T Loggers (Testo AG, Germany). Other 
parameter settings of the incubator were: relative humidity (RH) 80% ± 5%, photoperiod 
of 16:8 h (L:D) and light intensity 80-100 µmol.m-2.s-1 (lamps: TL-D 36W/33-640 1SL, 
Philips, the Netherlands). Leaf discs were placed with the adaxial side on water-saturated 
tissue paper and bordered with water-saturated tissue paper inside 10-cm diameter 
insect breeding dishes (SPL Life Sciences, Korea). The total leaf surface area available for 
the mites was 1.8 cm² (1 × 1.8 cm). The water-saturated tissue paper prevented mites 
from escaping. Inside the breeding dishes, light intensity varied between 50 and 60 
µmol.m-2.s-1 (measured with a LI-250A Light Meter, Li-COR Biosciences, USA) and RH was 
90% ± 5% (measured with a digital hygro-thermometer GFTH 200, Greisinger electronic 
GmbH, Germany). 
Using a fine brush, P. latus females were transferred from the stock colony to the 
leaf discs, at a density of 3 females per leaf disc. They were left to oviposit at each of the 
tested temperatures. Between 30 and 60 leaf discs were set up depending on the 
temperature. Females were removed from the leaf discs when at least 50 eggs were 
available for study at the different temperatures. Upon hatching, larvae were individually 
transferred to new leaf discs and developmental durations (D) of all stages were 
monitored every 6 h until adult emergence. This resulted in between 59 (25 °C) and 110 
 
 
(33 °C) individual leaf discs (or replications) at the different temperatures. Sex was 
determined in the adult stage. For calculation purposes, molting events were assumed to 
have occurred at the midpoint between two consecutive observations. All observations 
were made using a stereo microscope (Leica MZ6, Germany). 
 
2.3. Mathematical models 
One linear and two non-linear models were used for estimating the temperature-
dependent development of P. latus on R. simsii ‘Nordlicht’. Both types of models were 
fitted using the statistical package R 2.15.1 (R Development Team, Austria). The non-
linear model fitting of the curves was done using the Gauss-Newton algorithm. 
The linear model was used for estimation of the development rate (1 ⁄ ), the lower 
temperature threshold () and the thermal constant () for each life stage. For correct 
estimation of  using the linear model, the exclusion of the results at a temperature of 
33 °C was deemed necessary, as the corresponding development rate was out of the linear 
portion of the curve (De Clercq and Degheele, 1992; Ikemoto and Takai, 2000). The linear 
model is as follows: 
 
1
 =  ×  +  
 
where 1  ⁄ is the development rate (1/days) at temperature  (°C),  is the intercept and 
 is the slope of the linear function (Arnold, 1959).  
Description of the relation between temperature and developmental rate based on 
a non-linear developmental model enables estimation of thermal thresholds ,   and 
. In the present study, the widely used Brière (Brière et al., 1999) and Lactin (Lactin 
et al., 1995) developmental models were used. The model by Brière et al. (1999) consists 
of a non-linear part at low and high temperatures and a linear part at moderate 
temperatures. The formula of the Brière model is as follows: 
 
1
 = . .  − .  −  
 
where 1  ⁄ is the development rate (1/days) at temperature  (°C),  is an empirical 
constant,  (°C) is the lower development threshold, and  (°C) is the upper 
development threshold. The Lactin model is an adaption of the model of Logan et al. 
(1976), who combined two exponentials to describe development rate at intermediate 
and high temperatures. Lactin et al. (1995) removed the  parameter and added a new 
parameter () that allows the curve to intersect the x-axis at low temperatures enabling 










with 1  ⁄ the development rate (1/days) at temperature  (°C), # a constant defining the 
rate of optimal temperature,  (°C) the lethal maximum temperature, and ∆ the 
temperature range over which physiological breakdown becomes the overriding 
influence. 
 
2.4. Temperature thresholds 
Lower development threshold (): the temperature at which the rate of 
development reaches zero or there is no measurable development. The value was 
estimated by the linear model as −/, and for both non-linear models as the first 
intercept of the curve with the x-axis. 
Optimum development threshold (): the temperature at which the rate of 
development is maximal. The value was obtained only by the non-linear models from the 
value of & at '& '(⁄ = 0.  
Upper development threshold (): the temperature at which the rate of 
development reaches zero or life cannot be maintained for a prolonged period. The value 
was estimated only by the non-linear models as the second intercept of the curve with the 
x-axis. 
Thermal constant (): indicates the thermal budget (in degree-days) needed to 
complete development. It was estimated only by the linear model as 1/. 
 
2.5. Model quality 
The *+ (coefficient of determination) and RSS (residual sum of squares) values can be 
used for describing the quality of fitting a model but are not sufficient to discriminate 
between models with different numbers of parameters. Hence, both non-linear models 
were evaluated for describing temperature-dependent development based on the 
adjusted *+ (*,-+  (Kvalseth, 1985) and Akaike Information Criterion (./0) (Akaike 
1974). These parameter-independent criteria are calculated as: 
 
*,-+ = 1 − !1! × 1 − *+, 
and 
./0 = 2 × ln 5*662 7 + 2 × 9 
 
where 2 is the number of observations, 9 the number of model parameters and RSS the 
residual sum of squares. Lowest ./0 and highest *,-+  values indicate the best fitted 
model. 
 
2.6. Statistical analysis 
Because the data were not normally distributed and heteroscedastic, a Kruskal-Wallis H 
test was conducted to evaluate the effect of temperature regime on development time of 
P. latus. Means were separated post hoc using Dunn’s test (Dunn, 1964) in SPSS (Version 
 
 
22; IBM SPSS Statistics). Differences in total development time between the sexes was 
assessed using Mann-Whitney U tests in STATISTICA (version 11.0; StatSoft, Inc.). 
Survival rates were compared using a logistic regression in SPSS (Version 22; IBM SPSS 
Statistics). In this regression a generalized linear model was constructed using a probit 
(log odds) link and a binomial error function. For each test, a regression coefficient was 
calculated and tested for being significantly different from zero, for which p-values are 
presented (McCullagh and Nelder, 1989). Figures were prepared in SigmaPlot (Systat 
Software, San Jose, CA). 
 
3. Results 
3.1. Developmental time 
Development of P. latus to adulthood on leaf discs of R. simsii ‘Nordlicht’ was successful at 
all tested temperatures (Table 3.1). Significant differences in survivorship among the 
various temperature treatments for each life stage were found. The survivorship from egg 
to adult was between 23.6 and 96.9% at temperatures of 33 °C and 17 °C, respectively. 
Overall the percentage of hatched eggs was the highest (87.9-100%), while lowest 
survivorship was recorded at larval stage (33-96.9%). Total development time of females 
was significantly longer compared to males at temperatures of 15 °C (Mann-Whitney U = 
13.0; p = 0.005), 17 °C (U = 323.5; p < 0.001), 20 °C (U = 6.5; p < 0.001) and 30 °C (U = 
361.5; p = 0.005). No significant difference between sexes were observed at 25 °C (U = 
112.0; p = 0.896) and 33 °C (U = 20.0; p = 0.732). For both males and females, the total 
development time decreased significantly when temperatures increased from 15 to 30 °C. 
Total development time tended to increase again at 33 °C (Table 3.2). Incubation period 
of female eggs ranged from 6.92 days at 15 °C to 1.67 days at 30 °C, whereas for males this 
period was between 6.34 and 1.68 days. Overall, egg incubation took about half of the total 
development time. The nymph stage was the shortest life stage at all tested temperatures 
for both males (2.85 days at 15 °C and 0.65 days at 30 °C) and females (2.85 days at 15 °C 
and 0.63 days at 30 °C). 
 
Table 3.1 Survivorship of each life stage of Polyphagotarsonemus latus feeding on 












15 66    87.9cc 36.2de 100.0a 31.8de 
17 98 100.0a 96.9a 100.0a 96.9a 
20 62    91.9c 49.1d   96.4b 43.5d 
25 59    96.6bc 68.4c   94.9b 62.7c 
30 104 100.0a 88.5b   95.7b 84.7b 
33 110    99.1ab 33.0e   72.2c 23.6e 
aInitial number of eggs tested. bTotal percentage of eggs that reached adulthood. cMeans within a column 






Table 3.2 Mean development times (days ± SE) of the life stages of Polyphagotarsonemus 
latus at different constant temperatures on Rhododendron simsii ‘Nordlicht’ for males, 
females and both sexes combined. 
Temperature 
(°C) 
na Egg Larva Nymph Total 
Both sexes combined 
15 21 6.70 ± 0.16ab 3.86 ± 0.20a 2.76 ± 0.06a  13.32 ± 0.31a 
17 95 5.28 ± 0.04a 2.96 ± 0.07a 2.24 ± 0.02a  10.49 ± 0.09a 
20 27 3.29 ± 0.14b 1.87 ± 0.10b 1.39 ± 0.03b 6.55 ± 0.21b 
25 37 1.95 ± 0.08c 1.34 ± 0.07bc 0.89 ± 0.03bc 4.18 ± 0.11b 
30 88 1.67 ± 0.02c 1.15 ± 0.04c 0.63 ± 0.01d 3.46 ± 0.04c 
33 26 1.77 ± 0.05c 1.57 ± 0.09bc 0.70 ± 0.05cd 4.04 ± 0.13bc 
Males 
15 8 6.34 ± 0.32a 3.22 ± 0.23a 2.63 ± 0.07a  12.19 ± 0.47a  
17 22 5.16 ± 0.13ab  2.49 ± 0.16a 2.17 ± 0.04ab 9.82 ± 0.15ab  
20 9 2.75 ± 0.09bc  1.53 ± 0.09ab  1.33 ± 0.04bc  5.61 ± 0.06bc  
25 8 2.13 ± 0.15c  1.06 ± 0.04b  0.94 ± 0.04c  4.13 ± 0.18c  
30 18 1.68 ± 0.03c  0.89 ± 0.08b  0.65 ± 0.04c  3.22 ± 0.08c  
33 2 1.88 ± 0.13c  1.25 ± 0.25c  0.75 ± 0.00 c  3.88 ± 0.13c  
Females 
15 13 6.92 ± 0.14a 4.25 ± 0.23a 2.85 ± 0.08a  14.02 ± 0.26a 
17 73 5.32 ± 0.04ab 3.10 ± 0.07a 2.27 ± 0.02ab  10.69 ± 0.09ab 
20 18 3.56 ± 0.17c 2.04 ± 0.13b 1.42 ± 0.04bc 7.01 ± 0.25bc 
25 29 1.90 ± 0.09c 1.41 ± 0.08bc 0.88 ± 0.03cd 4.19 ± 0.13cd 
30 70 1.67 ± 0.03c 1.22 ± 0.04c 0.63 ± 0.02e 3.52 ± 0.04d 
33 24 1.76 ± 0.06c 1.59 ± 0.09bc 0.70 ± 0.06de 4.05 ± 0.14cd 
aIndicates the number of observed individuals reaching adulthood. bMeans within a column and sex group 
(both sexes combined, males or females) followed by the same letter are not significantly different (P > 0.05, 
Dunn’s test). cNot included in the statistical analysis due to the low number of observations (n = 2). 
3.2. Model evaluation 
The values of the parameters estimated by the linear, Brière and Lactin models for 
combined development rate data (males and females) for each life stage of P. latus on R. 
simsii ‘Nordlicht’ are shown in Table 3.3. Linear and non-linear regression of fitted 
development rate data resulted in low *66 and high *+ (above 0.97) values for all stages. 
The regressions of the three fitted models for all development stages are depicted in Fig. 
1. 
Using the linear model, the estimated  for the different life stages of P. latus 
varied from 8.3 to 11.2 °C. The number of degree-days (K) estimated by the linear model 
followed the pattern of egg > larva > nymph (Table 3.3). For total development of P. latus 
on azalea leaf discs, 66.7 degree-days were required.  
Both non-linear models allowed estimation of ,   and  values for all 
developmental stages. Estimations of  and  by the Brière model  were lower than 




Fig 3.1 Linear (solid line), Brière (dotted line) and Lactin (dashed line) models fitted to the 
observed developmental rates (day-1) for egg (a), larval (b), nymph (c) and total (d) life 
cycle of Polyphagotarsonemus latus on Rhododendron simsii ‘Nordlicht’. 
The optimum development thresholds estimated by the Lactin model for all stages 
were similar to those predicted by the Brière model with exception of the nymph stage. 
Predictions of   by the Brière model for the different life stages of the mite varied from 
28.8 to 31.3 °C, whereas based on the Lactin model the predicted values ranged between 







Table 3.3 Estimated parameters (± SE) of the linear, Brière and Lactin model with values of 
their evaluation criteria for each life stage of Polyphagotarsonemus latus feeding on 





Egg Larva Nymph Total 
Linear  0.0321 ± 0.0028 0.0418 ± 0.0040 0.0825 ± 0.0031 0.0150 ± 0.0010 
  -0.3354 ± 0.0615 -0.3479 ± 0.0885 -0.9213 ± 0.0694 -0.1503 ± 0.0215 
  31.2 23.9 12.1 66.7 
   10.46 8.30 11.16 10.03 
 *66 0.0035 0.0072 0.0044 0.0004 
 *+ 0.978 0.973 0.996 0.988 
 *,-+  0.971 0.964 0.994 0.983 
      
Brière  0.0004 ± 0.00003 0.0003 ± 0.00004 0.0009 ± 0.00016 0.0002 ± 0.00001 
   10.210 ± 0.715 9.023 ± 0.686 10.330 ± 1.452 10.025 ± 0.613 
  36.570 ± 0.516 34.730 ± 0.211 37.580 ± 1.401 35.813 ± 0.337 
  30.48 28.85 31.30 29.86 
 *66 0.0009 0.0016 0.0190 0.0001 
 *+ 0.996 0.994 0.985 0.996 
 *,-+  0.993 0.990 0.976 0.994 
 ./0 -47.16 -43.40 -28.52 -57.63 
      
Lactin # 0.0254 ± 0.0045 0.0312 ± 0.0028 0.0370 ± 0.0012 0.0134 ± 0.0009 
  41.133 ± 3.776 37.816 ± 1.002 35.546 ± 1.089 39.545 ± 1.608 
 < 4.268 ± 2.614 3.507 ± 0.918 1.358 ± 0.617 2.745 ± 0.783 
  -1.324 ± 0.094 -1.335 ± 0.074 -1.398 ± 0.049 -1.154 ± 0.021 
   11.15 9.29 9.04 10.64 
  37.73 35.53 34.85 36.01 
  30.49 29.10 31.27 30.14 
 *66 0.0011 0.0011 0.0018 0.0001 
 *+ 0.995 0.996 0.999 0.998 
 *,-+  0.987 0.990 0.996 0.994 
 ./0 -43.88 -43.49 -40.51 -58.63 
 
4. Discussion 
The survival rates of P. latus feeding on R. simsii ‘Nordlicht’ were highest between 
temperatures of 17 °C and 30 °C (43.5-96.9% survival). The overall sex ratio of mites that 
reached adulthood in the present study was close to the expected ratio of 1:4 male:female 
(Gerson, 1992). The fastest population growth in practice may therefore be expected to 
be within this temperature range. Closer to the thermal thresholds a significant reduction 
in the percentage of total survival was measured, indicating that population growth of the 
mite will be hampered under these production conditions. The larval stage proved to be 
most sensitive to temperatures close to the thermal thresholds. Model predictions based 
on our data suggest that keeping plants at temperatures below 10 °C (i.e., during 
wintertime) would prevent development of P. latus in azalea production. There are very 
 
 
few records of survival rates of the different life stages of P. latus as a function of 
temperature and host plant. Vieira and Chiavegato (1998) found a total (egg to adult) 
survivorship of 91.2% at 28.5 °C on cotton (Gossypium hirsutum). This value is higher than 
that at the closest temperatures in present study on pot azalea (62.7 and 84.7% at 25 and 
30 °C, respectively). 
With the exception of Li et al. (1985), no other study has covered the full range of 
temperatures to test their suitability for the development of P. latus. The total 
development times measured by Li et al. (1985) for 15 °C, 20 °C and 25 °C were very 
similar to our values, but differed at 30 °C (2.67 versus 3.46 days). Values reported by 
Silva et al. (1998) for the egg-adult period of P. latus on Capsicum annuum at 30 °C (3.4 
and 3.6 days for males and females, respectively) correspond with our findings, but those 
at the other temperatures tend to be lower than the values observed on R. simsii. Hugon 
(1983) reported (Citrus sp.) a total development time of 4.08 days when reared on lime 
at 30 °C, which is somewhat higher than the value found in the present study. De Coss et 
al. (2010) observed a longer development of P. latus on Carica papaya at 25 °C averaging 
4.93 days versus 4.18 days in our study. The total developmental times reported by 
Ferreira et al. (2006) using V. vinifera as a host plant correspond well with the data from 
the present study. 
Vieira and Chiavegato (1998) found an average developmental period of 4.1 days 
for both males and females on cotton (Gossypium hirsutum), measured at 28.5 °C. On C. 
limon development times were 3.6 days for males and 3.7 days for females at 27.5 °C 
(Vieira and Chiavegato, 1999). Rajalakshmi et al. (2009) reported on developmental 
values for P. latus on mulberry (Morus sp.) in uncontrolled thermal conditions. In that 
study egg development took 27-32 hours, larval development averaged 36 hours and 
nymph development took between 6 and 8 hours. These development rates are 
significantly shorter than those reported elsewhere in the literature. This might be related 
to the selected host plant and uncontrolled temperature regime. Montasser et al. (2011) 
published the longest egg to adult developmental times on C. annuum and Cucumis sativus 
at 24 °C, averaging 7.83-7.84 (male-female) days and 8.71-7.18 (male-female) days, 
respectively. 
Besides temperature, relative humidity (RH) has another important influence on 
the development of P. latus. Although RH inside the incubators was set at a constant 80% 
(± 5%), the effective RH inside the insect breeding dishes was between 90 and 95%. Jones 
and Brown (1983) reported variation in theoretical population growth of P. latus on C. 
limon fruits at constant temperatures when subjected to different RH regimes using small 
humidity chambers. Temperatures above 30 °C coupled with low humidity appeared to 
be lethal to the egg and nymph stages (Jones and Brown, 1983). De Coss et al. (2010) 
found significant differences in development time for P. latus on C. papaya when subjected 
to various humidity regimes with constant temperatures. Besides host plant, the observed 
differences in development time of P. latus discussed above may be related to the relative 
humidity regime. This hypothesis is supported by the wide range of relative humidities 





As indicated by low *66 and high *+ values, all selected models fitted the data of 
this study well. A common method for evaluating the accuracy of temperature thresholds 
is based on their comparison with experimental data (Kontodimas et al., 2004). Since P. 
latus developed at the lowest (15 °C) and highest (33 °C) tested temperatures and no 
lower or higher temperature values were included in the present study, we could not use 
this criterion. With the use of the parameter-independent criteria *,-+  and ./0 (Table 
3.3) we were able to select the most adequate model at each developmental stage. Nymph 
development was best described by the Lactin model (lowest ./0 and highest *,-+  
values), as the Brière model overestimated . For the egg stage, the Brière model fitted 
the development rate data best, indicating an overestimation of  by the Lactin model. 
Minimal differences between the Brière and Lactin model were observed for larval and 
total development. When considering all life stages, the Lactin model performed best and 
is therefore preferred to estimate thermal thresholds. This is in agreement with the 
findings of Kontodimas et al. (2004) who showed that the Lactin model is more accurate 
in describing the influence of temperature on the development of many arthropods as 
compared with other models. Other models, like the Logan type III model (Hilbert and 
Logan, 1983), have been shown to approach more asymptotically to the point of zero 
development than the non-linear models used in the present work, which should yield 
more reliable estimates of lower thermal thresholds. Nonetheless, the estimates from the 
presently used models were corroborated by preliminary observations on the capacity of 
P. latus to develop at 12 °C. In the latter experiment, eggs collected at 25 °C were placed 
at 12 °C after gradual cooling. Very few of the latter eggs hatched (35.3%), and the very 
few larvae that did emerge were not able to survive. We emphasize that the 
developmental thersholds presented in this study are estimated based on extrapolation 
of models fitted to experimental data not incorporating these thresholds. Additional 
experiments in the lower or upper temperature range might provide a more accurate 
insight into the capacity of P. latus to survive and develop under cold or hotconditions.  
So far, only a few studies have attempted to estimate thermal budgets and 
thresholds of the broad mite, P. latus. The estimated thermal constant () of 66.7 degree-
days is similar to the value of 62.7 degree-days reported by Ferreira et al. (2006) for total 
development of P. latus on V. vinifera. The thermal budget for development on chili pepper 
was predicted by Li et al. (1985). In their calculations, the preoviposition period (i.e. the 
period between adult emergence and the first egg laid) was included. The 64.1 degree-
days estimated for development of P. latus from egg to egg in the latter study thus predicts 
a lower thermal budget on immature development than does our study. In the present 
study both the linear and non-linear models yielded similar -values of 10.0-10.6 °C 
for total development on leaves of R. simsii ‘Nordlicht’. For P. latus feeding on V. vinifera, a 
comparable value of 9.7 °C was calculated (Ferreira et al., 2006). Using a multiple 
regression curve of development data, Jones and Brown (1983) extrapolated that the 
lower and upper theoretical thresholds of P. latus feeding on fruits of Citrus limon were 
between 12 and 14, and 33 and 35 °C, depending on the humidity. Li et al. (1985) reported 
no complete development at 35°C as all tested larvae died at this temperature. In the 
 
 
present study, however, the mite successfully completed development at 33° C and most 
estimated upper thresholds were above 35 °C. 
Data and models from the present study provide a basis to predict the 
development of a P. latus population in practice at given climate conditions and to 
parameterize warning systems. For instance, at the end of the cultivation process pot 
azaleas are forced to flower. This involves heating the greenhouses to a constant 
temperature of 21 °C and providing supplementary assimilation light to 16:8 h (L:D). 
Based on the data of the present laboratory study, we can theoretically expect between 1 
and 4 generations to be completed during a forcing period of 10-21 days. This value is 
obviously an overestimation since we did not take the pre-oviposition period of the mite 
into account, but it does indicate the potential risk for an outbreak of this pest at this 
temperature regime. When calculating the thermal budget based on long-term average 
temperature data for Merelbeke (Belgium) (51°0’0”N/3°45’0”E) we can theoretically 
expect 1.3 generations during the colder months (October-March) and 14.7 generations 
during the warmer months (April-September). Azalea plants are grown outside during 
the warmer period, thus they are faced with successive generations of the pest. During 
the winter plants are protected in greenhouses from freezing. Theoretically, more 
generations may develop in the warmer greenhouse environment than the number 
predicted in the field. 
The importance of critical temperatures and thermal budgets for understanding 
the phenology of an arthropod has long been recognized. Lower developmental 
thresholds and thermal constants are not only good predictors of the timing of life events 
(Honek and Kocourek, 1988), but are also very useful indicators for the potential 
distribution of the pest (Campbell et al., 1974). Combined with developmental data of 
different phytoseiid mites preying on P. latus, like Amblyseius swirskii (van Maanen et al., 
2010; Onzo et al., 2012) and A. largoensis (Rodríguez et al., 2011a), this study provides 
valuable information for optimizing the biological control of this pest in the production of 
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The broad mite, Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae), is a pest of 
numerous crops in many parts of the world, including tropical and subtropical regions 
such as Australia, Asia, Africa, the Americas and the Pacific Islands (Gerson, 1992). In 
temperate and subtropical areas the broad mite is a pest of greenhouse crops 
(Waterhouse and Norris, 1987). According to Navajas et al. (2010), P. latus was first 
recorded in Europe (Italy) in 1961. Since then, the mite has also been found in a number 
of northwestern European countries, including Belgium, where it was reported for the 
first time on pot azalea, Rhododendron simsii, in the mid-1980s (Heungens, 1986). The 
broad mite feeds on the youngest growth tips of R. simsii, causing malformation of the 
flower buds and the terminal leaves. The latter become severely stunted and hardened, 
curl down at the edges, and show brownish or reddish lower surfaces. Like in many other 
ornamental crops, the mite’s feeding behavior on R. simsii results in severe economic 
damage (Labanowski and Soika, 2006). 
Rhododendron simsii hybrids are the most important flowering pot plants produced in 
Belgium and are made available nearly year-round. Climatic conditions during the 
production process differ depending on the plant growth phase. The production process 
starts by rooting cuttings under a plastic cover during two months at a soil temperature 
of 22-25 °C. The plants are then grown vegetatively during several months in a 
greenhouse or in summer outside on container fields. Flower initiation takes place in 
June; at this stage temperature is less controlled. During winter, plants are protected from 
freezing temperatures. Exposure of the plants to the lower temperatures during winter is 
necessary to release the flowers from their dormant state. Unfulfilled chilling 
requirements lead to erratic bud break and low-quality flowering (Christiaens et al., 
2014b). Temperatures for dormancy breaking are generally between 2.5 and 9 °C 
(Richardson et al., 1974), and the optimum for R. simsii hybrids is 7 °C (Stuart, 1965). In 
commercial plant production the material is placed in cold storage rooms at 7 °C during 4 
to 6 weeks. The plants are then forced to flower in a heated greenhouse at a constant 
temperature of ca. 21 °C for 10 to 21 days. To speed up this process additional light (ca. 
40 µmol.m-2.s-1, day length 16 to 20 h) can be supplied during dark periods of the year.  
Luypaert et al. (2014) estimated the relationship between temperature and 
developmental rate of P. latus on R. simsii ‘Nordlicht’ using a linear and two non-linear 
models. Thresholds for development of P. latus were estimated to be 10 and 36 °C for the 
lower and upper developmental threshold, respectively. Earlier, this relationship was 
studied based on a linear model using chili pepper (Li et al., 1985) and Vitis vinifera 
(Ferreira et al., 2006) as host plants. Besides these studies, there is very little information 
concerning the relationship between temperature and life history of P. latus, and in 
particular the cold hardiness of the pest has not been studied in detail. Karl (1965, cited 
in Gerson, 1992) stated that P. latus could not survive outside of a tropical, subtropical or 
controlled greenhouse environment. More recently, Vincent et al. (2010) reconsidered the 





environments, based on the fact that infestation on primocane-fruiting blackberry (Rubus 
rubus) continued during a 3-year period in the northern parts of Arkansas (USA).  
The objective of the present laboratory study was to gain insight into the cold hardiness 
of P. latus, as a key pest of pot azalea in northwestern Europe. The egg hatchability, 
survival of larvae and female adults and reproduction capacity of females following a 
prolonged period of cold exposure was determined. The supercooling point (SCP) of 
female adult mites was measured and lower lethal times (LTime10,50,90) were estimated 
when the females were exposed to -3 or 2 °C. 
 
2. Materials and methods 
2.1. Broad mite culture and plant material 
The broad mite culture and plant material were kept in the same environmental 
conditions as described in section 2.1 of Chapter 3. 
2.2. Survival and reproduction capacity following a cold exposure period 
To ensure that all experimental mites developed under equal conditions, the following 
method was used. Using a fine brush, P. latus females were transferred from the stock 
colony in the greenhouse to the leaf discs, at a density of 1 female per leaf disc. Leaves 
were placed with the adaxial side on water-saturated tissue paper and bordered with 
water-saturated tissue paper inside 10-cm diameter insect breeding dishes (SPL Life 
Sciences Co. Ltd., Pocheon, Korea) to produce leaf discs. The total leaf surface area 
available for the mites was 1.8 cm² (1 × 1.8 cm). The water-saturated tissue paper 
prevented the mites from escaping. Adult females were given 24 hours for oviposition and 
were subsequently removed from the leaf discs. Leaf discs containing eggs were 
transferred to an incubator (Vötsch-Industrietechnik Bio Line model VB 1014, Balingen-
Frommern, Germany) at a constant temperature of 25 ± 1 °C, 80 ± 5% relative humidity 
(RH), a 16 h photoperiod and a light intensity of 80-100 µmol.m-2.s-1 (lamps: TL-D 
36W/33-640 1SL, Philips, Eindhoven, the Netherlands). Leaf discs were moistened daily 
to prevent the mites from escaping. Two-day-old adult females were transferred to new 
individual leaf discs at the beginning of the experiments. Experimental eggs and larvae 
were reared under the same conditions. Eggs and larvae less than 24h old were collected 
from leaf discs infested with adult mites.  
Polyphagotarsonemus latus mites were exposed to a 7 °C cold treatment, corresponding 
with the optimum temperature for dormancy breaking of pot azalea (Stuart, 1965). The 
tested exposure periods for eggs were 1, 17, 31 and 52 days (corresponding with the 6-7 
week timespan for cold storage of azalea plants). Larvae were exposed for periods of 14, 
28 and 49 days, whereas two-day-old adult females were exposed to 7 °C for 14, 28 and 
42 days. Hatchability of eggs returned to rearing conditions (25 °C, 80% RH and 16:8 h 
(L:D)) was monitored every 24 h for a six day period. The survivorship of exposed larvae 
was assessed 24 h and 7 days after the cold exposure. Likewise, survival of the exposed 
 
 
adults and the percentage of reproducing females was monitored 24 h and 7 days after 
the end of the cold period. The oviposition rate of the surviving females was calculated 
over a 2 day-period following cold exposure.   
The cyclamen mite, Phytonemus pallidus (Banks) (Acari: Tarsonemidae), another plant 
feeding tarsonemid mite, has been noted to overwinter in the adult stage in temperate 
climates (Denmark, 1988). Therefore, adult P. latus females were also exposed to 
temperatures of 2 or -3 °C. At 2 °C the time periods chosen were 6, 13 or 26 days, whereas 
at -3 °C the mites were exposed for 24 or 72 h, or 7 days. As before, survival of exposed 
adults and the percentage of reproducing females was monitored 24 h and 7 days after 
having been returned to rearing conditions. Oviposition rates of females surviving the -3 
or 2 °C cold treatments were recorded as described above and compared with those of 
non-exposed females taken from the stock colony. 
The mites were exposed to the cold temperatures (-3, 2 or 7 °C)  in a cooled incubator 
(MIR-254, Panasonic Healthcare Co., Ltd., Tokyo, Japan) without light. Humidity during 
cold exposure was not controlled, but given the fact that leaf discs were kept on water-
saturated tissue paper relative humidity was assumed to be around 90% throughout the 
trials (Luypaert et al., 2014). Mites were allowed to acclimatize for 20 minutes at different 
intermediate temperatures (18 °C, 10 °C and, for exposure to -3°C, 2 °C) before and after 
exposure to the tested temperatures, in order to prevent cold and heat shock mortality, 
respectively. This type of acclimatization was also applied in cold tolerance studies on 
other mites or insects including, Amblyseius swirskii (Athias-Henriot), Phytoseiulus 
longipes (Evans) and Bombus terrestris (L.) (Allan, 2010; Owen, 2013). All observations 
were made using a stereo microscope (Leica MZ6, Leica, Wetzlar, Germany). 
2.3. Lower lethal times 
Lower lethal times (LTime10,50,90) were estimated for two-day-old adult females by 
placing leaf discs with a single two-day-old adult female at -3 or 2 °C for a varying amount 
of time. Calculations are based on the averages of two independent experiments with 10 
replicates each. The cold exposure period varied between 0-96 h and 0-17 days for -3 and 
2 °C, respectively. To cover survival ranging from 100 to 0% at each temperature, the 
mites were exposed during 5 (0, 24, 48, 72 and 96 h) or 6 (0, 3, 7, 10, 14 and 17 days) 
different durations at temperatures of -3 or 2 °C, respectively. After the cold exposure 
period, the mites were returned to a temperature of 25 °C. Again, the mites were allowed 
to acclimatize by placing them at intermediate temperatures (18 °C, 10 °C and, for 
exposure to -3°C, 2 °C) for 20 min. Mortality of the mites was assessed 24 h after recovery. 
Mites that were unable to move, upon prodding with a fine brush, were scored dead and 







2.4. Supercooling points 
Individual two-day-old P. latus females were attached to a type-T 30-gauge copper-
constantan thermocouple after it was dipped in high vacuum grease (Silicone high 
vacuum grease medium, Merck KGaA, Darmstadt, Germany). The thermocouple was 
attached to a data logger (TC-08 Thermocouple Data Logger, Pico Technology Ltd., Eaton 
Socon, UK) which recorded the temperature of the probe at 100-ms intervals. The adults 
attached to the thermocouple were led through the small opening of a 1 mL pipet tip. A 
second pipet tip was placed over the lower end of the first pipet tip producing an 
experimental tube. These tubes were individually led in glass test tubes and placed in a 
Haake G50 alcohol bath (Thermo Fisher Scientific Inc., Waltham, MA, USA), with a cooling 
rate of -0.5 °C.min-1.The starting temperature was set at 20 °C. The SCP was defined as the 
lowest temperature recorded before the release of the latent heat of fusion (n = 30). 
2.5. Statistical analysis 
Survival rates and reproduction capacity after cold exposure were compared using a 
logistic regression in SPSS (Version 22.0, IBM Corp., Armonk, NY, USA). In this regression 
a generalized linear model was constructed using a probit (log odds) link and a binomial 
error function. (McCullagh and Nelder, 1989). The oviposition rates after cold exposure 
were compared with a control group by way of independent samples Kruskal-Wallis tests 
in SPSS. LTime10,50,90-values were estimated in SPSS using probit analysis. Descriptive 
data analysis was conducted in STATISTICA (Version 12.0, Statsoft Inc., Tulsa, OK, USA). 
Figures were prepared in SigmaPlot (Version 13.0, Systat Software, San Jose, CA, USA). 
3. Results 
Eggs laid at 25 °C and then transferred to 7 °C did not survive an exposure period of either 
17, 31 or 52 days (at each time period n = 20). When exposed to 7 °C for 24 h, all eggs (n 
= 23) hatched to larvae and successfully reached adulthood when returned to rearing 
conditions. 
Exposure of P. latus larvae to 7 °C during periods of 14 and 28 days resulted in similar 
survival rates ranging from 40 to 53% 24 h after recovery (Fig 4.1). When the exposure 
period was extended to 49 days, survival dropped to 13%, which was significantly lower 
than after the 14-day exposure (Wald-χ2 = 5.26, df = 1, p = 0.022).  
The survival of adult P. latus females was not significantly altered when exposed to 7 °C 
for 14 or 42 days (Wald-χ2 = 0.23, df = 1, p = 0.63 and Wald-χ2 = 0.62, df = 1, p = 0.43, 24 h 
and 7 days after ending the treatment, respectively) (Fig 4.2c). Rates of survival 24 h after 
exposure to 7 °C were 85, 100 and 90% for exposure periods of 14, 28 and 42 days, 
respectively. Monitoring survival 24 h or 7 days after ending each specific exposure 
period (14, 28 or 42 days) yielded similar results. The proportion of ovipositing females 
was not significantly affected by the duration of the cold exposure at 7 °C and ranged from 
15-30% and 75-85%, 24 h and 7 days after recovery, respectively (24 h after recovery: 
Wald-χ2 = 1.28, df = 1, p = 0.26; Wald-χ2 = 0.53, df = 1, p = 0.47 and Wald-χ2 = 0.17, df = 1, 
 
 
p = 0.68; 7 days after recovery: Wald-χ2 = 0.00; df = 1; p = 1, Wald-χ2 = 0.62; df = 1; p = 0.43 
and Wald-χ2 = 0.62; df = 1; p = 0.43; for comparisons between periods of 14 and 28 days, 
14 and 42 days and 28 and 42 days, respectively) (Fig 4.2f). The oviposition rate of 
females exposed to a temperature of 7 °C for 14 days did not differ from that of control 
mites maintained at rearing conditions (H = 0.48, df = 1, p = 0.49) (Table 4.1). A prolonged 
exposure of females at 7 °C significantly decreased the oviposition rate as compared to 
control mites (H = 15.44, df = 1, p < 0.001 and H = 10.29, df = 1, p = 0.001, for a 28- and 
42-day cold treatment, respectively)(Table 4.1). 
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Fig 4.1 Survival of Polyphagotarsonemus latus after exposure of larvae to 7 °C for different 
durations, monitored 24 hours (black bars) and 7 days (gray bars) post treatment. Bars 
marked by the same letter are not significantly different (p > 0.05, Wald-χ2; n = 15). 
When exposed to 2 °C, survival rates of adult females monitored 24 h or 7 days after 
recovery were similar for each exposure period (6, 13 and 26 days) (Fig 4.2b). Survival 
rates dropped significantly after an exposure period of 13 days as compared to a 6-day 
exposure (Wald-χ2 = 11.94, df = 1, p = 0.001 and Wald-χ2 = 8.42, df = 1, p = 0.004, 24 h and 
7 days after ending the treatment, respectively). No survival was observed after a 26-day 
cold exposure period. Females were only able to oviposit within the first 24 h after a 6-
day exposure at 2 °C (Fig 4.2e); at that time point 20% of the females had laid a single egg. 
One week after having been returned to rearing conditions, the percentage of ovipositing 
females increased to 50 and 15% after a cold exposure period of 6 or 13 days, respectively. 
Ovipositing females from both groups had similar oviposition rates as control mites (H = 
3.49, df = 1, p = 0.062 and H = 0.35, df = 1, p = 0.56, for a 6- and 13-day cold treatment, 
respectively) (Table 4.1). Whereas in this experiment hatching of the deposited eggs was 
not monitored, the appearance of juveniles and new adults in the arenas during the 
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Fig 4.2 Percentages of surviving (a, b and c) and ovipositing (d, e and f) adult female 
Polyphagotarsonemus latus mites after exposure to -3, 2 or 7 °C during different periods, 
monitored 24 hours (black bars) and 7 days (gray bars) post treatment. Bars within each 
graph marked by the same letter are not significantly different (p > 0.05, Wald-χ2; n = 15 at 
-3 °C and n = 20 at 2 and 7 °C). 
Survival of adult P. latus females monitored 24 h or 7 days after recovery from cold 
exposure was not affected by the duration of the exposure period (24, 72 or 168 h) to -3 
°C (Fig 4.2a). A significantly lower survival was noted after an exposure period of 72 h as 
compared to a 24 h exposure (Wald-χ2 = 8.35, df = 1, p = 0.004 and Wald-χ2 = 12.61, df = 
1, p < 0.001, 24 h and 7 days after ending the treatment, respectively). Continuous 
exposure for 7 days to -3 °C resulted in no surviving females. None of the females was 
capable to oviposit within the first 24 h after exposure to -3°C during 24 or 72 h (Fig 4.2d). 
After 7 days of recovery, however, 53 and 20% of the females exposed during 24 and 72 
h, respectively, oviposited. Their oviposition rates were significantly lower than those of 
non-exposed females (H = 17.85, df = 1, p < 0.001 and H = 4.88, df = 1, p = 0.027, for a cold 




Table 4.1 Oviposition rates (means ± SE) of Polyphagotarsonemus latus females after 
exposure to -3, 2 or 7 °C during different periods. Data represent mean oviposition rates 
when monitored 48 hour after having been returned to rearing conditions (25 °C, 80% RH 
and 16:8 h (L:D)). Level of significance denotes statistical differences compared to a control 










25 °C Control 106 1.52 ± 0.11  
-3 °C  24 h 10 0.10 ± 0.07 < 0.001 
  72 h 4 0.38 ± 0.13     0.027 
    7 days - - - 
2 °C    6 days 15 0.97 ± 0.25     0.062 
 13 days 4 1.13 ± 0.38   0.56 
 26 days -  - - 
7 °C 14 days 19 1.29 ± 0.22   0.49 
 28 days 20 0.53 ± 0.16 < 0.001 
 42 days 16 0.63 ± 0.13    0.001 
 
Lethal time values for adult females exposed to temperatures of -3 or 2 °C are shown in 
Fig 4.3. The LTime50-values were estimated to be 61.2 h and 9.3 days at -3 and 2 °C, 
respectively. The SCP for two-day-old adult females averaged -16.5 ± 0.2 °C (mean ± SE). 
(a)



















































Fig 4.3 LTime10,50,90 (± 95% fiducial limits) of adult Polyphagotarsonemus latus females at 







In the production of pot azalea, P. latus mites are exposed to temperatures below the 
lower developmental threshold of 10 °C (Luypaert et al., 2014) during part of the growing 
cycle. Temperatures in the range of 2 to 7 °C are common when R. simsii hybrids are placed 
in cold storage rooms to break dormancy of flower buds. At an optimum temperature of 
7 °C (Stuart, 1965) or even at temperatures of 2-3 °C plants can be stored for 4 to 6 weeks. 
Chilling of R. simsii plants is necessary to avoid erratic bud break and low-quality 
flowering (Christiaens et al., 2014b). Plant damage caused by P. latus is frequently 
recorded at the end of the production cycle when flowers are forced in heated 
greenhouses (ca. 21 °C), where also additional light can be supplied. It has been shown 
that these conditions are favorable for P. latus development on R. simsii (Luypaert et al., 
2014), as well as on other crops (Li et al. 1985; Ferreira et al. 2006). Whereas several 
studies have focused on the relation of temperature and development of P. latus (e.g. Jones 
and Brown, 1983; Li et al., 1985; Ferreira et al., 2006; Luypaert et al., 2014) to our 
knowledge no workers have exposed the mite to temperatures below the lower 
developmental threshold. Furthermore, experimental evidence on the cold hardiness or 
overwintering capacity of P. latus is limited in the literature. Two studies discussed the 
climatic regions where P. latus might able to survive being the tropical, subtropical (Karl, 
1965 (cited by Gerson, 1992)) and moderate temperate climatic regions (Vincent et al., 
2010). Overwintering and cold tolerance is also poorly studied in other plant dwelling 
tarsonemid mites. Tarsonemid mites are generally believed to overwinter in the adult 
stage (e.g. Smith and Goldsmith, 1936; Wiesmann, 1941; Jeppson et al., 1975; Denmark, 
1998). Jeppson et al. (1975) stated that the adult stage of tarsonemid mites is known to 
survive through prolonged exposure of freezing temperatures. Further, there are no 
reports of the existence of diapause within the family of Tarsonemidae (Hoy, 2011). 
The present study shows that egg hatchability was zero after an exposure of 17 days to a 
temperature of 7 °C. This indicates a detrimental effect on embryogenesis of temperatures 
below the lower developmental threshold for eggs of P. latus, which was estimated to be 
10.2 °C (Luypaert et al., 2014). However, eggs are capable to withstand a temperature of 
7°C during a period of 24 h, without any effects on hatching or offspring performance. 
Further, our data also indicate that a substantial proportion of larvae was able to 
withstand exposure to 7 °C for much longer periods: about half of the larvae were still 
alive after an exposure period of 14 days, and survival only dropped below 20% after 49 
days of cold exposure. The adult females were clearly more robust, showing limited 
detrimental effects from a 7 °C cold exposure up to 6 weeks, both in terms of survival rates 
and reproduction capability: nearly all females surviving an exposure to 7 °C were able to 
resume egg laying when returned to favorable conditions. However, their oviposition 
rates were affected by the duration of the cold treatment: whereas oviposition rates of 
females exposed to 7 °C for 14 days were similar to those of control females, they were 
2.9 and 2.4 times lower  after a 28- and 42-day exposure, respectively.  
 
 
For temperatures far below the developmental threshold of 10 °C, i.e. 2 and -3 °C, the focus 
of the study was placed on the adult phase of P. latus, as this is reportedly the stage in 
which tarsonemid mites overwinter in temperate areas (e.g. Smith and Goldsmith, 1936; 
Wiesmann, 1941; Jeppson et al., 1975; Denmark, 1998). Our findings indicate the limited 
ability of P. latus to survive a prolonged exposure to subzero temperatures. None of the 
females survived an exposure of 26 days at 2 °C and of 7 days at -3 °C. Reproduction of 
females surviving shorter exposure periods at such low temperatures was also affected. 
Most of the females exposed to 2 or -3 °C required a recovery period longer than 24 h to 
resume egg laying. Whereas the oviposition rates of females exposed for either 6 or 13 
days to 2 °C were not different from those of control females, all females surviving 
exposure to -3 °C had lower oviposition rates than in the control. Validation (over- or 
underestimation) of these laboratory results in the field is necessary to reliably evaluate 
the cold hardiness of P. latus. Practical experiments at the PCS Ornamental Plant Research 
Station confirmed our findings, showing that mites were able to survive cold storage on 
R. simsii. The survival rate depended on the storage temperature and the duration of the 
cold exposure (personal communication).  
Whereas data in the literature on cold hardiness parameters of members of the 
Tarsonemidae family are scarce, more information is available on the overwintering 
capacity of phytoseiid mites, some of which are used as biological control agents against 
P. latus. These include the economically important species Amblyseius swirskii (van 
Mannen et al., 2010; Onzo et al., 2012; Abou-Awad et al., 2014), Neoseiulus cucumeris (Li 
et al., 2003; Weintraub et al., 2003) and Neoseiulus californicus (Peña and Osborne, 1996; 
Jovicich et al., 2008). The average SCP value of P. latus females (-16.5 °C) is somewhat 
higher than that reported for non-acclimated A. swirskii mites (-18.3 °C; Allen, 2010). 
Neoseiulus cucumeris and N. californicus showed to have a much lower SCP, with values of 
-20.7 (Morewood, 1992) and -21.6 °C (Hart et al., 2002), respectively. SCP data alone are 
not believed to be sufficiently reliable indicators of cold tolerance (Bale, 1987; Bale, 1996) 
because the vast majority of species are freeze avoiding and SCP temperatures are rarely 
experienced by individuals in their natural habitats. Lethal time data best represent 
naturally occurring cold stress because they not only test temperature but also exposure 
time (Allen, 2010). The lethal time experiments done in our study are the most closely 
related laboratory measurements to field survival because they take into account 
mortality over time at temperatures likely to be encountered by P. latus during the 
production process of R. simsii hybrids, with the exception of the -3 °C cold treatment. In 
our experiments, the microclimate and shelter provided by foliar trichomes and veins 
mimicking the natural environment was simulated using leaf discs. However, these leaf 
discs remain an artificial environment differing from real on-plant conditions where 
besides foliar trichomes and veins, shelters such as leaf axils, buds or flowers might 
provide a more favorable microclimate for the mite. The lethal times for 50% mortality in 
P. latus females estimated here (61.2 hours and 9.3 days for -3 and 2 °C, respectively) are 
higher than the values of 9.2 min, 1.6 days and 2.7 days for non-acclimated A. swirskii 





in P. latus than in A. swirskii. On the other hand, N. californicus appears to be more cold 
hardy, with much higher LTime90-values of 8 and 15 days for -5 and 0°C, respectively 
(Hart et al., 2002), versus 76.9 h and 12.1 days for -3 and 2 °C, respectively, for P. latus. 
Information on the thermal responses of P. latus and its phytoseiid predators may be 
relevant for biological control programs during cooler parts of the growing season. 
In conclusion, the findings of our study suggest that P. latus is a freeze intolerant, chill 
susceptible species (Bale, 2002). However, females of the pest are expected to be able to 
withstand all temperatures encountered during the R. simsii hybrid production process in 
northwestern Europe. Problems caused by this pest during the forcing process are likely 
due to female mites easily surviving cold storage needed to break bud dormancy. Further, 
data from the present study suggest that under open field conditions 
Polyphagotarsonemus latus is insufficiently cold tolerant to withstand winters generally 
occurring in the temperate climate of northwestern Europe, as subzero temperatures 
dramatically decrease survival and reproduction capacity of the mite. Additional data on 
the plasticity and adaptation of P. latus to changing temperatures will provide more 
evidence to fully understand its potential for  outdoor survival. More in-depth studies on 
the indoor overwintering of P. latus or other members of the tarsonemid family may help 
optimizing the integrated management of this pest in the production of R. simsii hybrids 
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The broad mite, Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae), is a 
cosmopolitan pest affecting numerous plants. It causes severe damage to many 
economically important agricultural crops and ornamental plants worldwide (Jeppson et 
al., 1975; Gerson, 1992; Zhang, 2003). The broad mite is usually found on the lower 
surfaces of young apical leaves and in flowers, where it deposits its eggs (Gerson 1992). 
Although broad mites feed mainly on the epidermis of the plant parts, structural 
aberrations occur throughout the tissue (Grinberg et al., 2005). The pest feeds on the 
youngest growth tips, causing malformation of the flower buds and the terminal leaves. 
The latter become severely stunted and hardened, curl down at the edges, and show 
brownish or reddish lower surfaces (Labanowski and Soika, 2006). Ewing (1939) was the 
first to report the occurrence of broad mites on Ericaceae in North America. According to 
Navajas et al. (2010), broad mites were first recorded in Italy in 1961. Since then, the mite 
has been found in other European countries including Belgium, where it was reported for 
the first time on R. simsii in the mid-1980s (Heungens, 1986). During recent years, a 
significant increase in the pest status of broad mites in pot azalea has been observed, 
mainly due to restrictions on the use of broad spectrum pesticides, including the complete 
prohibition of the use of endosulfan (an active component in many plant protection 
products) from July 2007 onwards (EU directive 2005/864/EC). Integrated Pest 
Management (IPM) and its EU-wide implementation (EU directive 2009/128/EC) forces 
growers to develop sustainable strategies for the control of this pest (Gobin et al., 2011, 
2013). In an IPM based strategy, preventative cultural practices are essential during the 
growing process. One of these measures could be developing and growing resistant R. 
simsii cultivars.  
Resistant genotypes to broad mite have been successfully selected in various 
crops. Most studies related to screening for susceptibility or to factors leading to 
resistance against broad mite have been performed on Capsicum spp. Matos et al. (2009) 
found that trichomes act as a limiting trait for the development of broad mites, especially 
when the trichomes occur in higher densities and are well-distributed on the leaf surface. 
According to Thungrabeab and Boonlertnirun (2002), trichome density and leaf thickness 
tend to be predominant factors related to resistance (few mites and low damage rates) to 
broad mite in Capsicum annuum L. (line P 3066-20-20 and line P 3067-17-2) and C. 
frutescens L. (line CHMC 1118). For both host species, Echer et al. (2002) concluded that 
symptom assessment was a more suitable method for determining resistance of 
genotypes than counting the number of adult mites present on the plant. This resulted 
from an indirect relation between the number of broad mites and the intensity of the 
damage symptoms observed on certain genotypes (Echer et al., 2002). Furthermore, 
according to Bassett (1981), the manifestation of symptoms can quickly evolve in certain 
host plants, where a small number of mites would be enough to cause economic damage. 
Susceptible as well as resistant accessions were identified in screenings of C. annuum 
cultivars using a natural infestation of broad mites (Ahmed et al., 2001; Desai et al., 2006, 
2007; Kulkarni et al., 2011). The correlation of biochemical constituents in 15 C. annuum 





the relationship of broad mites to host phenology and injury levels in C. annuum, de Coss-
Romero and Peña (1998) concluded that damage caused by broad mites appears to 
depend on the stage of development of C. annuum. The plant is most vulnerable to 
infestation during the vegetative growth phase (Rodríguez et al., 2011b). Vichitbandha 
and Chandrapatya (2011) also studied the effect of broad mites on damage and yield in C. 
annuum ‘Tavi 64’ and showed significant yield reduction after a plant damage level of 
more than 50% curled shoots. Reports on screening for resistance against broad mites in 
other crops are also available, e.g. potato species Solanum polyadenium Greenm., S. 
tarijense Hawkes and S. berthaultii Hawkes (Gibson and Valencia, 1978), eggplant 
(Solanum melongena L.) (Lianyou et al., 1999), watermelon (Cirtullus lanatus var. lanatus) 
(Kousik et al., 2007) and jute (Corchorus spp.) (Jana et al., 2007). To our knowledge no 
previous studies have assessed genetic variance in susceptibility to broad mite in 
ornamental plants. 
The main objective of the present study was to evaluate the genetic variation of a 
selection of R. simsii hybrids in terms of susceptibility to broad mites. The use of cultivars 
resistant to pests is sustainable and fits well into an overall IPM strategy for broad mite 
control. Furthermore, information presented in this article will be useful for breeders for 
the development of new resistant cultivars. 
 
2. Materials and methods 
2.1. Plant material 
A total of 32 Rhododendron cultivars were collected. Thirty belonged to the subgenus 
Tsutsusi, section Tsutsusi; two accessions (R. burmanicum (Yellow) and 
‘Fragrantissimum’) belong to the subgenus Rhododendron, section Rhododendron, 
subsection Maddenia (Table 5.1). Cuttings originated from a core collection of 
Rhododendron spp. kept at ILVO, Melle, Belgium. Plants were grown from rooted cuttings 
and pruned once. This material was used in experiment 1 or experiment 2, six or eight 
weeks after regrowth. For experiment 2, cultivars ‘Bergmann Feu’, ‘Doctor Bergmann 
Albus’ and ‘Madame Charles Gabert’ were grafted onto rootstock of R. scabrum hybrid 
‘Concinna’. In experiment 3, plants used were cut three times before being used in the 
experiment. Before the experiments plants were grown in a standard greenhouse under 
natural light conditions with a minimum temperature of 5 °C and ventilation temperature 
set at 20 °C.  
 
2.2. Broad mite development 
A stock culture of broad mites was maintained on Hedera helix L., initiated from naturally 
infested H. helix ‘Montgomory’ and ‘Chester’ plants. For this purpose the plants were 
grown in a greenhouse with night/day temperature set at 17/20 °C. The photoperiod was 
16:8 h (L:D). When light intensity was below 150 W.m-2, additional assimilation light (50 
µmol.m-2.s-1) was provided using Gavita GAN 600 AL fixtures (GAVITA Nederland B.V., the 
Netherlands) with 600W 230V lamps.  
 
 
In each experiment, the Rhododendron cultivars were artificially infested by 
surrounding each individual plant with four H. helix plants containing a stock culture of 
broad mites. All H. helix plants were selected after visual inspection of mite damage. Five 
H. helix samples were examined to confirm pest presence, using an observation 
microscope (Leica MZ6, Leica, Wetzlar, Germany). Greenhouse conditions were set at 21 
°C as a minimum temperature and ventilation was activated at 26 °C during all 
experiments, and the photoperiod was 16:8 h (L:D). When light intensity was below 100 
W.m-2, additional assimilation light (100 µmol.m-2.s-1) was provided by a conventional 
fixture, HS2000 (Hortilux Schréder B.V., the Netherlands) using Master GreenPower 
600W 400V lamps (Philips, Eindhoven, the Netherlands). Above 200 W.m-2, shades were 
used to reduce the light intensity. Light intensity was measured with LP02 pyranometer 
(Hukseflux Thermal Sensors B.V., the Netherlands) connected to a logging system. 
 
2.3. Scoring of cultivars and counting of broad mites 
Broad mite effect on Rhododendron cultivars was rated according to the symptoms. A 
scoring system  of five classes was used, where 0 = no injury observed; 1 = very low injury, 
very slight browning of the youngest leaves of one or more shoot tips, less than 25% of 
the shoot tips showing symptoms; 2 = slight injury, all shoot tips show browning and 
curling of youngest leaves; symptoms are visible on 26 – 50% of the plant; 3 = moderate 
injury, some shoot tips bronzed and deformed, mature leaves start curling, between 51 
and 75% of the plant is injured; and 4 = severe injury, all shoot tips bronzed, hard and 
necrotic and mature leaves severely distorted, more than 75% of the plant shows damage 
symptoms.  
Quantification of broad mites was assayed on the apical shoot tips (cut off between 
the third and fourth free-standing leaf as counted, starting from the apex). Samples were 
collected in a plastic vial with screw cap (60 ml, diameter 33 mm) (Gosselin, France) filled 
with 20 ml ethanol 70%. The vial was shaken and its  contents poured over a nylon sieve 
(mesh size 1.5 mm), on a reusable filter holder with receiver (Nalge Nunc International, 
NY, USA), equipped with a cellulose mixed ester type Machery-Nagel Porafil® CM filter 
(pore size 0.45 µm, diameter 47 mm, black and with white grid). Using a vacuum pump, 
the membrane filter was drained and then transferred into a 60 mm diameter petri dish 
(Greiner Bio One BVBA/SPRL, Belgium) for counting under an observation microscope. 
This was done after the protocol described by Mechant et al. (2015). In experiments 1 and 
2, all life stages were counted as one, to facilitate the counting process. During experiment 
3, eggs, larvae, nymphs, males and females were recorded separately in order to evaluate 
the population dynamics of the mite. 
2.4. Experiment 1 
Thirty cultivars (01-14-1 and NA40246 KURIO were excluded) were screened in 
four replicated plots from November 2012 till January 2013. Each of the four plots 





(three shoot tips per plant) was used for quantitative detection. Visual scoring of each 
plant was done weekly for seven consecutive weeks. 
2.5. Experiment 2 
Three replicated plots were used to screen 30 cultivars (95-20-5 and ‘Rosa Belton’ were 
excluded). Each plot contained three entries of a single cultivar, resulting in a total of nine 
replications per cultivar. During the six-week period between March 2013 and April 2013, 
all plants were scored weekly for damage symptoms. Broad mites were quantified 2, 4 
and 6 weeks post infestation by harvesting marked shoot tips. These tips were labelled 
prior to the start of the experiment in order to preclude bias during subsequent sampling.  
A single entry from each cultivar was sampled within each plot at every time interval. 
 
2.6. Experiment 3 
The cultivars, ‘Aiko Pink’, ‘Elien’, ‘Mevrouw Gerard Kint’, ‘Michelle Marie’, ‘Nordlicht’ and 
‘Sachsenstern’ were screened in six individual plots. Each plot consisted of nine plants 
and was separated from the others by one meter of free space. Twelve days after the initial 
infestation was set up, re-infestation was done by placing new infested H. helix plants, 
because the first infestation was ineffective (no visual damage symptoms). Therefore 
plant damage symptoms were scored weekly during an eight-week period between 
October 2013 and November 2013. Broad mites were quantified every two weeks on each 
entry. Shoot tips used for quantitative detection were again labeled before broad mite 
infestation began. 
 
2.7. Scanning electron microscopy 
Presence or absence of trichomes on leaves and stems of R. simsii hybrids ‘Aiko Pink’, 
‘Nordlicht’, ‘Michelle Marie, ‘Sachsenstern’, ‘Mevrouw Gerard Kint’, ‘Elien’, ‘Mistral’ and 
‘Mevrouw Marc van Eetvelde’ was investigated using scanning electron microscopy 
(SEM). Leaf material was dissected in 70% ethanol under a binocular (Leica MZ6, Leica, 
Wetzlar, Germany). To prepare the material for critical-point drying, it was washed with 
70% ethanol for 5 min. Next it was placed in a mixture (1:1) of 70% ethanol and DMM 
(dimethoxymethane) for 5 min. The material was then transferred for 20 min to pure 
DMM. Critical-point drying was done using liquid CO2 with a CPD 030 critical-point dryer 
(BAL-TEC AG, Balzers, Liechtenstein). The dried samples were mounted on aluminium 
stubs using Leit-C. For SEM observation, the material was coated with gold via a SPI-
Module™ Sputter Coater (SPI Supplies, West-Chester, PA, USA). SEM images were 
obtained with a JEOL JSM-6360 (JEOL Ltd, Tokyo, Japan) at the Laboratory of Plant 




2.8. Statistical analysis 
Two-way analyses of variance (ANOVA) (IBM SPSS Statistics; version 22) were conducted 
to evaluate whether the cultivars had a different effect on broad mite counts, when 
sampled at different time intervals in experiment 1 or 2. Likewise, damage rates were 
analyzed using two-way-ANOVA. Pearson correlations were calculated between the 
average number of broad mites per shoot tip and the damage rate for each cultivar in 
experiment 1 and 2. A repeated measures ANOVA was used to evaluate broad mite counts 
or damage rates at different time intervals for each cultivar in experiment 3. Degrees of 
freedom were corrected using the Greenhouse-Geisser correction when Mauchly’s 
assumption of sphericity showed to be violated. In case of a significant effect, means were 
separated using Bonferroni (damage rate) or LSD correction (broad mite counts). Broad 
mite counts were log transformed [ln(x+1)] and square root transformations were 
applied for damage rates before the statistical analyses. 
 
3. Results 
In experiment 1, broad mites were retrieved after three weeks on plants of all cultivars, 
except for ‘Elien’ (Table 5.2). Broad mites were recorded on all cultivars after two weeks 
in experiment 2 (Table 5.3). In experiment 1, the highest numbers of broad mites was 
found on ‘Roxette’ at 21 days post infestation (dpi) and on 95-20-5 at 49 dpi (Table 5.2). 
At the end of the experiment, the lowest average number of broad mites was counted on 
‘Elien’. Both ‘Mistral’ and its bud sport ‘Elien’, had the lowest damage rates in experiment 
1. At 49 dpi, the average rates were 0 and 0.3 for ‘Mistral’ and ‘Elien’, respectively. The 
highest damage rates were recorded for ‘Emil De Coninck’ and ‘Mont Blanc’ (Table 5.2). 
In experiment 2, the lowest numbers of broad mites were observed on ‘Mistral’ at 15 dpi 
and 29 dpi and on ‘Elien’ at 43 dpi. The highest numbers of broad mites were observed on 
‘Lara’ at 15 dpi and 29 dpi and on ‘Emil De Coninck’ at 43 dpi (Table 5.3). In experiment 
2, ‘Elien’, ‘Fragrantissimum’ and ‘Mistral’ had the lowest average damage rates (≤0.6). The 
highest damage rates were recorded for ‘Emil De Coninck’, ‘Mont Blanc’ and ‘Otto’, ranging 
between 3.3 and 3.7 (Table 5.3). For both experiments a significant interaction was found 
between time interval and cultivar for the number of broad mites and the given damage 
rates (Table 5.4). The correlations (*+) between the average damage rates and broad mite 
counts in experiment 1 where 0.21 and 0.36 at 21 and 49 dpi, respectively. In experiment 
2, *+-values were 0.25, 0.61 and 0.14 at 15, 29 and 43 dpi, respectively. At every time of 







Table 5.1 Selection of Rhododendron cultivars used in screening experiments for broad 
mite susceptibility. For each of the selected cultivars the species name and the parentage 
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Table 5.2 Average damage rates and broad mite counts of 30 selected Rhododendron 
cultivars at seven time intervals post infestation (dpi) in experiment 1. Average broad mite 
counts are given in absolute numbers. Data are means ± SE. n = 3 for broad mite counts, 











































































































































































































   
   
   
   
   
   




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 5.3 Average damage rates and broad mite counts of 30 selected Rhododendron 
cultivars at six time intervals post infestation (dpi) in experiment 2. Average broad mite 
counts are given in absolute numbers. Data are means ± SE. n = 3 for broad mite counts, 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Finally, a third experiment was conducted to evaluate broad mite infestation on six 
selected cultivars when the mite’s feeding choices were limited between a single selected 
cultivar and H. helix. Therefore each cultivar was screened in an individual plot 
(experiment 3). The selection of ‘Aiko Pink’, ‘Nordlicht’, ‘Michelle Marie’, ‘Sachsenstern’, 
‘Mevrouw Gerard Kint’ and ‘Elien’ was based on the different characteristics and the 
differences in patterns of broad mite counts and damage rates in experiment 1 and 2. The 
outcome of this experiment was comparable with that of experiments 1 and 2. The final 
average damage rate for cultivars ‘Aiko Pink’, ‘Nordlicht’ and ‘Michelle Marie’ was higher 
than 2.4. ‘Elien’ had the lowest average damage rate (<0.5). The damage rates for 
‘Sachsenstern’ and ‘Mevrouw Gerard Kint’ were around 1.5 at 56 dpi. The damage rates 
for ‘Elien’ did not differ significantly at the various time intervals (Fig 5.1 and Table 5.5). 
In contrast, damage rates varied significantly among ‘Aiko’, ‘Mevrouw Gerard Kint’, 
‘Nordlicht’, ‘Sachsenstern’ and ‘Michelle Marie’ at the different time intervals (Fig 5.1 and 
Table 5.5). Also the number of broad mites counted at the different time intervals was 
significantly different for ‘Aiko’, ‘Mevrouw Gerard Kint’, ‘Nordlicht’, ‘Sachsenstern’ and 
‘Michelle Marie’. At the same time intervals, broad mite counts did not differ significantly 
for ‘Elien’ (Fig 5.1 and Table 5.5). Approximately the same number of broad mites was 
counted on all six cultivars 14 and 28 days after the initial infestation, indicating that a 
homogenous spread of mites was obtained after the reinfestation at day 12. However, at 
the end of the experiment, mites were no longer detected on ‘Elien’. On ‘Michelle Marie’, 
‘Sachsenstern’ and ‘Mevrouw Gerard Kint’ a comparable number of ca. 13 broad mites per 
shoot tip were counted, while the highest numbers of broad mites were observed on ‘Aiko 
Pink’ and ‘Nordlicht’ at the end of the experiment. On the latter cultivars, broad mite 
numbers approximately doubled during the last two time intervals, reaching around 35 
broad mites per shoot tip. On ‘Aiko Pink’ and ‘Nordlicht’ a higher number of immature life 
stages was found than in the other cultivars. The number of eggs, larvae and nymphs 
increased after every sampling on these two cultivars (Fig 5.1). 
Among the six genotypes studied in detail in experiment 3, all had long non-
glandular trichomes. On ‘Elien’, short sticky trichomes were found, while all other 
genotypes showed the presence of short non-sticky trichomes. A fourth type of thorn-like 







Table 5.4 Two-way-ANOVA indicating the effect of different time intervals and 
Rhododendron cultivars on the given damage rates and the average counted number of 
broad mites in experiments 1 and 2. In experiment 1 the time intervals for damage rate 
were 7, 14, 21, 28, 35, 42 and 49 dpi. The time intervals for broad mite counts were 21 and 
49 dpi. Time intervals for experiment 2 were 8, 15, 22, 29, 36 and 43 dpi and 15, 29 and 43 
dpi, for damage rate and broad mite counts, respectively. 
Source Experiment 1 Experiment 2 
 Broad mites Damage rate Broad mites Damage rate 
Time interval 
F 21.51 235.82 2.47 1245.41 
df 1 6 2 5 
p <0.001 <0.001 0.088 <0.001 
Cultivar 
F 7.24 21.06 6.58 126.21 
df 29 29 29 29 
p <0.001 <0.001 <0.001 <0.001 
Time interval x cultivar 
F 2.74 1.85 1.55 5.74 
df 29 174 58 145 
p <0.001 <0.001 0.015 <0.001 
Error 
df 112 510 179 1434 
 
 
Table 5.5 Repeated measures ANOVA indicating the effect of time intervals on the given 
damage rates and the average counted number of broad mites on ‘Aiko’, ‘Mevrouw Gerard 
Kint’, ‘Nordlicht’, ‘Sachsenstern’, ‘Elien’ or ‘Michelle Marie’ in experiment 3. Time intervals 
for broad mite counts and damage rates were 7, 14, 21, 28, 35, 42, 49 and 56 dpi. 
Source ‘Aiko’ ‘Mevrouw Gerard Kint’ ‘Nordlicht’ ‘Sachsenstern’ ‘Elien’ ‘Michelle Marie’ 
Broad mites 
F 6.07 6.07 14.11 17.97 2.14 16.62 
df 3 3 3 3 3 3 
p 0.003 0.003 <0.001 <0.001 0.122 <0.001 
Error 
df 24 24 24 24 24 24 
 
Damage ratesa 
F 67.31 31.47 39.42 27.86 1.27 53.19 
df 2.31 2.73 3.33 2.81 2.06 2.34 
p <0.001 <0.001 <0.001 <0.001 0.309 <0.001 
Error 
df 18.45 21.83 26.64 22.47 16.50 26.74 
aMauchly’s test of sphericity indicated that the assumption had been violated for each cultivar (p <0.05). 




Fig 5.1 Average damage rates (lines) and number of broad mites per shoot tip (bars) 
observed for Rhododendron simsii hybrids (a) ‘Aiko Pink’, (b) ‘Nordlicht’, (c) ‘Michelle 
Marie’, (d) ‘Sachsenstern’, (e) ‘Mevrouw Gerard Kint’ and (f) ‘Elien’ during experiment 3. 
Female broad mites (shaded bars), male broad mites (black bars), nymphs (dark gray 
bars), larvae (light gray bars) and eggs (open bars) are shown. Data are means ± SE, n = 9 
for damage rates and broad mite counts. Different lower case (damage rates) and upper 
case (broad mite counts) letters indicate significant differences between the time intervals 






































































































































































































































































































































































































































Fig 5.2 Scanning electron microscopy images of the abaxial leaf side of Rhododendron simsii 
hybrids (a) ‘Aiko Pink’, (b) ‘Nordlicht’, (c) ‘Michelle Marie’, (d) ‘Sachsenstern’, (e) ‘Mevrouw 
Gerard Kint’ and (f) ‘Elien’. Four trichome types can be distinguished (1) long trichome, (2) 




















In the present study we applied artificial infestation by placing infested H. helix plants 
around the plants of the tested cultivars. From preliminary experiments it was clear that 
the number of broad mites remains stable on the infestation source at different time 
intervals. This continually-present artificial infestation source resulted in an infestation 
of all cultivars at the start of each experiment (Table 5.2, Table 5.3 and Fig 5.1). During 
the experiments, we observed much variation between the cultivars in the average broad 
mite counts and damage rates. In both experiment 1 and 2, ‘Mistral’ and its color sport 
‘Elien’ were resistant to broad mite. Hence, few broad mites were found and damage rates 
were low. ‘Bergmann Feu’, ‘Doctor Bergmann Albus’ and ‘Madame Charles Gabert’, which 
are all bud sports of the ‘Doctor Bergmann’ series (Table 5.1), responded in the same way 
and were all susceptible to broad mite infestations, as shown by high damage rates and  
large numbers of broad mites. The screening of cultivars randomly placed in a plot, as 
done in experiment 1 and 2, might lead to a bias when these cultivars with an unknown 
susceptibility for broad mites have a different attractiveness to the mites. Therefore, in 
experiment 3 each of the six selected cultivars was screened in an individual plot. 
Regarding the mite numbers and damage rates, ‘Elien’ was selected because few mites 
were found on this cultivar, while in contrast high numbers of P. latus mites were counted 
on ‘Nordlicht’ and ‘Aiko Pink’. Latter two cultivars also showed high damages rates 
compared to ‘Elien’. Cultivars ‘Sachsenstern’ and ‘Mevrouw Gerard Kint’ showed 
moderate rates of damage and mite counts. ‘Michelle Marie’ showed high damage rates 
(experiment 1 and 2). ‘Elien’ is a very vigorously growing cultivar with sticky stem and 
leaves. ‘Nordlicht’ is a sport of ‘H. Vogel’. The latter cultivar has together with all of its 
other sports a market share of 65% (van Trier, 2012). Flower characteristics included 
time of flowering and flower color. ‘Nordlicht’ is an early flowering type and ‘Michelle 
Marie’ is a semi-early flowering type. ‘Mevrouw Gerard Kint’ and ‘Sachsenstern’ are 
categorized as late flowering types. The flower color of ‘Michelle Marie’, ‘Aiko Pink’ and 
‘Elien’ is pink whereas ‘Nordlicht’ has red flowers. ‘Mevrouw Gerard Kint’ has pink flowers 
with a white edge while ‘Sachsenstern’ has white flowers with a red edge. Nonetheless, 
the patterns observed for both the average damage rates and the mite counts of the six 
cultivars tested in experiment 3 were comparable with the results obtained for the same 
cultivars in the first two screening experiments. This suggests that placing cultivars 
randomly in a plot does not affect the outcome of the experiments and indicates that mites 
have no preference for H. helix over any of the azalea cultivars. Furthermore, these 
findings suggest that the artificial infestation using H. helix as a carrier for the mites is an 
appropriate method for conducting screenings on R. simsii hybrids in the greenhouse. 
The collection of 32 Rhododendron cultivars, mainly containing R. simsii hybrids, 
showed a wide genetic variation in susceptibility against broad mites, as evidenced by the 
observed differences in mite counts and damage rates. Although significant correlations 
between damage rates and broad mite counts were found, a direct link between both 
observations was not obvious when checked at the level of individual cultivars. In a 





damage were observed on cucumber, Cucumis sativus L. (Grinberg et al., 2005). In 
contrast, significant positive correlations between ratings of outgrowing terminals and 
broad mite counts in watermelon were reported by Kousik et al. (2007). A positive 
correlation between broad mite growth rate and injury was found on physic nut, Jatropha 
curcas L. (Evaristo et al., 2013). 
On Capsicum (Echer et al., 2002) and watermelon (Kousik et al., 2007) broad mites 
have  a tendency to aggregate, which leads to a high spatial variability of mite populations 
on one plant. This tendency might be responsible for the unclear relationship between 
broad mite counts and damage rates in the R. simsii hybrids. To account for this we 
transformed broad mite counts by taking the natural logarithm of the actual broad mite 
count plus one. Kousik et al. (2007) applied a log-transformation of the mite counts before 
further statistical analysis. Another way to tackle this problem would be to increase the 
number of samples taken on the plant, but this might interfere with the damage rating 
process of monitored plants in the long term. Indeed, the more samples taken on one 
entry, the less shoots that remain, inhibiting proper evaluation of this entry. A second 
factor that could distort the correlation between broad mite counts and the damage rate 
is the difference among cultivars in the emergence of symptoms caused by a given density 
of broad mites. It has been reported that injury symptoms can appear very rapidly on 
some hosts with only a few mites, resulting in symptoms that are severe enough to cause 
economic damage (Dhooria and Bhindra, 1977; Basset, 1981; De Coss-Romero and Peña, 
1998). Results from the present study indicate different types of responses to a broad 
mite infestation. At 43 dpi in experiment 2, ‘Elien’ showed nearly no symptoms (average 
damage rate of 0.6) and no broad mites were detected (Table 5.3). On the other hand, 
‘Aiko Pink’ and ‘Nordlicht’ showed high damage rates (3.0 for both cultivars) and high 
mite counts (>50 mites on average), at the same time interval as in experiment 2 (Table 
5.3). In contrast, a high damage rate (3.6) was noted for ‘Michelle Marie’ but only a few 
mites (seven on average) were found on that azalea cultivar under the same conditions 
(Table 5.3). However, on the latter cultivar, on average 22 broad mites were found two 
weeks earlier at 29 dpi in experiment 2 (Table 5.3). In Capsicum genotypes, the 
assessment of symptoms caused by broad mites was shown to be more suitable for 
separating the accessions in resistant or susceptible types (Echer et al., 2002). For 
ornamental plants, however, the entire plant has economic value; and only undamaged or 
uninfested plants are marketable. Evaluation of the susceptibility of an accession of pot 
azalea should therefore initially be based on the damage rate.  
At a constant temperature of 20 °C, broad mite eggs are able to reach adulthood in 
6.6 days on R. simsii hybrid ‘Nordlicht’ (Luypaert et al., 2014). Development at higher 
temperatures is achieved even more quickly, e.g. in 4.2 days at 25 °C and 3.5 days at 30 °C 
(Luypaert et al. 2014). The present experiments were conducted at a minimum 
temperature of 21 °C. Broad mites could thus have completed two to three generations 
during the two consecutive recording times during experiment 3. Nevertheless, on ‘Elien’, 
which was a resistant cultivar based on the damage rates, no mites were found at the end 
of the experiment (Fig 5.1). This re-confirmed the resistant character of that cultivar. On 
‘Aiko Pink’ and ‘Nordlicht’, two very susceptible cultivars, the mite population rose over 
 
 
time. Total mite counts increased at every subsequent sampling interval (Fig 5.1). In 
addition to the number of adult males and females, the number of eggs, larvae and nymphs 
increased, demonstrating the mite’s affinity for these cultivars. Adult females were found 
more frequently than males, which is in line with the natural adult male:female ratio 
averaging 1:4 (Gerson, 1992) (Fig 5.1). Due to only two recording times for broad mite 
counting it is not appropriate to discuss the mite's population development in experiment 
1. In experiment 2, total mite populations remained either stable or increased over time 
in susceptible cultivars. However, on ‘Lara’, a highly sensitive cultivar, a rapid decline of 
the mite population was observed between 29 and 43 dpi. Under optimal conditions, 
broad mite populations may increase to large numbers and then rapidly decline due to 
the deterioration of food quality and of weather conditions or to the presence of natural 
enemies (Gerson, 1992). Since weather conditions in our study did not change and no 
predatory mites were present during the experiments, it is suggested that the mite 
population declined as a result of lowered host plant quality, as evidenced by bronzed 
growing shoot tips, hard and necrotic leaf tissue and severe curling of leaves. 
The factors underlying resistance against broad mites in the above-evaluated 
cultivars of pot azalea are unknown. Thungrabeab and Boonlertnirun (2002) and Matos 
et al. (2009) reported on the effect of trichomes as a limiting trait for the development of 
broad mites in Capsicum species. Resistance to damage caused by broad mites was 
observed in S. polyadenium and in seedlings of S. tarijense and S. berthaultii, which had 
foliar hairs with a sticky tip (Gibson and Valencia, 1978). The resistant characteristics of 
cultivars ‘Mistral’ and ‘Elien’ in our study might be related to the presence of this type of 
foliar glandular hairs (data not shown for ‘Mistral’ and Fig 5.2 for ‘Elien’). Resistance in 
‘Mistral’ and ‘Elien’ could be attributed to the defensive mechanism of antixenosis, which 
appears for P. latus to be based on the presence of glandular trichomes. However, ‘Marc 
Van Eetvelde’ and ‘Lara’, two R. simsii hybrids that also have foliar glandular hairs (data 
not shown), were susceptible to broad mites. Regarding the parentage of these four 
cultivars, it is remarkable that ‘Mistral’, ‘Marc Van Eetvelde’ and ‘Lara’ resulted from a 
cross with ‘Heiwa-no-hikari’ as one of the parents (Table 5.1). Since ‘Elien’ is a sport from 
‘Mistral’ it is also related to ‘Heiwa-no-hikari’. Based on broad mite counts and damage 
rates from all three screening experiments it is suggested that thorn-like trichomes found 
on ‘Sachsenstern’ and ‘Michelle Marie’ are not of major importance in plant defense 
against P. latus. Ahmed et al. (2000) examined numerous biochemical constituents in 15 
C. annuum cultivars. Tannins, phenols, potassium, calcium, magnesium and chlorophyll 
had a negative correlation with broad mite incidence. In contrast, total sugars, protein 
content and nitrogen content were correlated positively with a broad mite infestation. 
The authors found no correlation with the phosphorous content of the leaves. The 
assessment of several of these compounds in a selection of susceptible versus resistant R. 
simsii hybrid cultivars might provide extra information regarding the traits that account 
for resistance in azalea against broad mites.  
In conclusion, the present study has demonstrated that the use of a continually 
present artificial infestation source is an appropriate method to screen Rhododendron 





selection of R. simsii hybrids. Among the evaluated cultivars, ‘Emil De Coninck’ and ‘Mont 
Blanc’ were the most susceptible, whereas ‘Mistral’ and its sport ‘Elien’ proved to be 
resistant towards broad mites possibly due to antixenosis mechanisms (e.g. glandular 
trichomes with a sticky end). These findings may be useful to develop further breeding 
for resistance against these mites in R. simsii hybrids. Further research will be necessary 









Selection and validation of plant defence 







Polyphagotarsonemus latus causes malformations of flower buds and terminal leaves in 
azalea, Rhododendron simsii hybrids. Generally, plant pests encounter physical or 
structural barriers as well as constitutive chemical defences (Gatehouse, 2002; Mysore 
and Ryu, 2004). Induced defence responses against herbivores can be associated with 
jasmonic acid (JA) (Browse, 2009a) but might also be regulated by jasmonyl-isoleucine 
(JA-Ile) and 12-oxophytodienoic acid (OPDA) (Stintzi et al., 2001). Literature on induced 
defence responses by or upon P. latus infestation remains scarce. It has been shown that 
P. latus infestation activates JA- and salicylic acid (SA)-dependent pathways in cucumber 
leaves, Cucumis sativus (Grinberg et al., 2005). Recently, Grinberg-Yaari et al. (2015) 
showed the role of jasmonic acid in signalling in tomato (Solanum lycopersicum) defence 
against P. latus. Molecular work in the ornamental plant R. simsii mainly focussed on 
flower color. It was possible to identify genes responsible for the biosynthesis of 
flavonoids (e.g. De Schepper, 2001; Nakatsuka et al., 2008; De Keyser et al., 2013). 
Data from Grinberg et al. (2005) and Grinberg-Yaari et al. (2015), were based on northern 
blotting data and semi-quantitative PCR. The blotting technique is time-consuming, 
requires a large quantity of RNA (Chelly and Kahn, 1994) and most crucial it is not 
quantitative. Reverse transcriptase quantitative real-time PCR (RT-qPCR) is a rapid and 
sensitive technique and is far more specific than northern blot analysis (Dean et al., 2002). 
It provides meaningful quantitative results in contrast to semi-quantitative PCR (Ferré, 
1992). Furthermore, quantification of messenger RNA (mRNA) by means of RT-qPCR has 
a good reproducibility and wide quantification range (Bustin, 2000; Pfaffl and Hageleit, 
2001) when handled thoughtfully (Bustin et al., 2009; Thellin et al., 2009). MIQE-
guidelines (Minimum Information for Publication of Quantitative Real-time PCR 
Experiments) were introduced in 2009 to uniformly quantify gene expression in an 
accurate manner and to provide essential data regarding quality control (Bustin et al., 
2009). De Keyser et al. (2013) presented a protocol to assure accurate quantification of 
gene expression in plants in accordance with these guidelines.  
One of the most critical points in the RT-qPCR workflow is to ensure that only RNA of high 
purity and high integrity is used (Taylor et al., 2010). Obtaining RNA from recalcitrant 
plant tissues is often confronted with major problems. First, disruption of the rigid cell 
wall can be a challenge. Grinding samples with pestle and mortar is laborious and might 
introduce contamination when not cleaned properly. A fast and homogenous 
pulverization of samples can be achieved when grinding with beads (e.g. Borgen et al., 
2010; Asada et al., 2013). Secondly, tissues from woody and perennial plant species can 
contain high concentrations of polysaccharides, polyphenols (Zeng and Yang, 2002; 
Vasanthaiah et al., 2008, Rubio-Piña and Zapata-Pérez, 2011) and other secondary 
metabolites (Ghangal et al., 2009) that impede RNA extraction. Phenolic compounds are 
able to bind proteins and nucleic acids and can form high molecular weight complexes. 
Polysaccharides tend to co-precipitate with the RNA in the presence of alcohols, as such 





avoid oxidation, inhibition and detrimental influence on downstream applications of RNA 
caused by the presence of these components. The influence of polysaccharides can be 
reduced by using a cationic detergent like CTAB and reducing the ratio sample/extraction 
buffer. Polyphenols and their side effects are reduced by detergents (CTAB and SDS), 
antioxidants (β-mercaptoethanol, ascorbic acid or DTT) or polymers (PVP and PVPP) 
(Newbury and Possingham, 1977; Salzman et al., 1999).  
These difficulties in RNA extraction from recalcitrant plant tissues has led to the 
development of tissue-specific isolation protocols by modifying common methods like the 
guanidinium-phenol-chloroform (Vareli and Frangou-Lazaridis, 1996) and the hot borate 
method (Wan and Wilkins, 1994; Yao et al., 2005; Pang et al., 2011). Multiple 
modifications to a CTAB-based extraction method are published for working with woody 
plants (e.g. Zeng and Yang, 2002; Liao et al., 2004; Gambino et al., 2008; Ghangal et al., 
2009; Rubio-Pina and Zapata-Pérez, 2011; Morante-Carriel et al., 2014). However, many 
of these methods are technically complex and require expensive lab equipment or 
reagents. Some methods are time consuming and result in low RNA yield.  
The objective of the present study was to construct and validate a molecular toolbox to 
estimate activity of JA and SA biosynthesis related genes in R. simsii hybrids. Hereto, the 
extraction of leaf RNA from R. simsii was optimized and quality was assessed via various 
ways. RNA sequencing was performed to assemble the first transcriptome of R. simsii. At 
the moment of this study, no genomic or transcriptomic data for R. simsii was available. A 
preliminary RNAseq experiment was conducted to evaluate hormonal responses upon 
infestation or methyl jasmonate treatment. Gene activity of JA and SA biosynthesis related 
genes was quantified in R. simsii genotypes with a different susceptibility for P. latus. 
Lipoxygenase (RsLOX) (Vick & Zimmerman, 1983), allene oxide synthase (RsAOS) 
(Laudert et al., 1996), allene oxide cyclase (RsAOC) (Ziegler et al., 2000), 12-
oxophytodienoate reductase 3 (RsOPR3) (Müssig et al., 2000) and jamonate 
methyltransferase (RsJMT) (Seo et al., 2001) were selected as marker genes for the JA 
biosynthesis pathway. In the SA biosynthetic pathway the homologs of PAL and ICS 
(Howe, 2005) were selected. The PAL enzyme is also the first enzyme involved in the 
phenylpropanoid derivative metabolism (Hahlbrock and Scheel, 1989). Phenylpropanoid 
compounds are precursors to a wide range of phenolic compounds with many functions 
in plants e.g. lignin, flavonoids, isoflavonoids, cumarins and stilbenes (Ferrer et al., 2008). 
RsPPO (polyphenol oxidase) served as a marker gene for oxidative stress responses 
(Bergery et al., 1996). Aiko Pink’ and ‘Nordlicht’ are very susceptible genotypes, ‘Michelle 
Marie’, ‘Mevrouw Gerard Kint’ and ‘Sachsenstern’ are susceptible genotypes, whereas 
‘Elien’ is a resistant genotype (Chapter 5). Besides JA inducing compounds, wounding of 





2. Materials and methods 
2.1. RNA-sequencing 
2.1.1. RNA isolation and RNA-sequencing 
Plant material of different tissues (flower, leaf and buds) from R. simsii genotypes was 
harvested after specific treatments. This resulted in 16 tissue samples for comprehensive 
transcriptome assembly. Of this set, six samples were related to plant defence and were 
used for expression analysis: leaf samples of a mock treatment were compared to a 100 
µM foliar application of MeJA (6 h after treatment) or P. latus infestation (12 days post 
infestation) treatment. Each of these three treatments was applied to genotypes 
‘Nordlicht’ and ‘Elien’. Leaf samples consisted of six leaf punches taken at random 
positions on one plant. Samples were flash frozen in liquid nitrogen immediately after 
harvest and stored at -80 °C. RNA was isolated using a modified CTAB protocol, as 
described in paragraph 2.4. Quality and quantity of RNA samples was measured using a 
NanoDrop (ND-1000) spectrophotometer (Isogen Life Science Belgium, Temse, Belgium). 
RNA quality was further assessed with the Experion™ Automated Electrophoresis system 
and RNA StdSens Chips (Bio-Rad Laboratories N.V., Temse, Belgium). Three biological 
replicates were pooled to construct one RNA-seq library. Poly-A selected RNA-seq 
libraries were prepared by the sequence provider (SeqMatic, Fremont, USA) using the 
Illumina TruSeq Stranded protocol. Sequencing was performed using Illumina HiSeq™ 
High Output v3, with PE-100 cycles. 16 barcoded libraries were pooled and sequenced on 
two parallel lanes in the same run, yielding two technical replicate datasets for each 
sample. Quality trimming was performed with NGS Core Tools feature Trim Sequences in 
CLCbio Genomics Workbench (GW) v8.0 (quality limit 0.01 and min 25 bp). An additional 
four RNA samples of various stages of R. simsii bud development had previously been 
sequenced using 454 technology (De Keyser et al., unpublished data), and were included 
to complement transcriptome assembly. 
2.1.2. De novo assembly 
De novo assembly was done according to the Orthology Guided Assembly routine 
described by Ruttink et al. (2013). In brief, sequence reads were assembled per RNA-seq 
library using the de novo assembly algorithm of CLCbio GW based on De Bruijn Graphs 
(DBG), with default settings and minimum contig length of 200 bp. The Arabidopsis 
thaliana proteome available from PLAZA 3.0 (Proost et al., 2015) was used as a reference 
for assembly and annotation. For each individual A. thaliana protein the following steps 
were performed: a tBLASTn against the DBG R. simsii 893k contig set was performed and 
all matching contigs were extracted (e-value 1e-5 and up to 250 hits allowed). Next, 
overlap-layout-consensus clustering (OLC) was performed using CAP3 (Huang and 
Madan, 1999), with default CAP3 parameters (minimal overlap length of 40 bases and 
90% identity). All CAP3 contigs resulting from the CAP3 assembly were renamed 
according to the name of the founding A. thaliana protein. Next, a BLASTx against all A. 
thaliana proteins was performed and only those CAP3 contigs that had a best hit (e-value 





as these represent the most likely orthologous pairs. Subsequently, the longest open 
reading frame (ORF) was selected and corresponding coding sequence (CDS) extracted. A 
second round of CAP3 further clustered allelic sequences. Finally, the longest R. simsii CDS 
ortholog per founding A. thaliana gene was selected to remove the last remaining 
redundancy. This method assembles a comprehensive set of R. simsii transcripts, and 
annotates them according to their closest orthologue in A. thaliana.  
2.1.3. Read mapping and gene expression analysis 
For differential gene expression (DGE) analysis of the six samples related to plant defence, 
non-deduplicated reads were mapped to the R. simsii transcriptome with 15k non-
redundant transcripts using RNA-seq analysis utility of CLCbio GW. Maximum number of 
hits for a read was set at one. Unique read counts per gene for each sample were 
normalized by calculating the reads per kilo-base transcript per million reads mapped 
(RPKM) for each transcript. Prior to empirical analysis of DGE, two-group comparison 
(mock versus MeJA treatment or P. latus infestation) for both genotypes (R. simsii 
‘Nordlicht’ and ‘Elien’) was done in CLCbio GW. The empirical analysis is an ‘Exact Test’ 
for two-group comparisons developed by Robinson and Smyth (2008). For each sample a 
single library was made, split and sequenced in two independent lanes, yielding two 
subsets of sequencing data per sample which were considered (technical) replicates in 
statistical analysis. A p-value cut off of p < 0.001 and an absolute 1.5- or 3-fold change in 
gene expression was used to identify differentially expressed transcripts.  
2.1.4. Functional categorization 
Gene ontology (GO) enrichment was analysed using the BiNGO plugin (version 3.0.3) for 
Cytoscape (version 3.2.1) (Shannon et al., 2003; Maere et al., 2005). A hypergeometric test 
for statistical analysis in combination with the gene list of the R. simsii transcriptome as 
reference was used. Annotations were based on the default A. thaliana annotation. For p-
value correction, the Benjamini and Hochberg false discovery rate (FDR) correction was 
employed. The cut off p-value after correction was 0.05. For functional interpretation of 
differentially expressed gene sets, the GO-terms and functions of orthologous A. thaliana 
proteins are projected onto R. simsii transcripts. Conversely, for GO enrichment analysis, 
the respective A. thaliana gene identifiers are used as a substitute gene list in BiNGO. 
2.2. Cloning genes 
Sequence information of putative marker genes were retrieved from the R. simsii 
transcriptome. Hereto, homologous sequences from literature were locally blasted 
against the R. simsii transcriptome in CLCbio GW. Blast results were visually interpreted 
for selecting the putative homologous fragments in R. simsii. Primers were developed for 
the isolation of candidate gene fragments for lipoxygenase (RsLOX), allene oxide synthase 
(RsAOS), allene oxide cyclase (RsAOC), 12-oxophytodienoate reductase 3 (RsOPR3), 
jasmonate methyltransferase (RsJMT), isochorismate mutase (RsICS), phenylalanine 
ammonia-lyase (RsPAL) and polyphenol oxidase (RsPPO). This was done using 
Primer3Plus software (Untergasser et al., 2007). Amplicons (cDNA) of RsLOX and RsAOS 
 
 
were cloned in pCR™II-TOPO® vector using TOPF10’ competent cells (Invitrogen™, Life 
Technologies Europe B.V., Gent, Belgium) while other cDNA amplicons were cloned in 
pGEM®-T vector using JM109 competent cells (Promega Benelux BV, Leiden, the 
Netherlands). Subsequently fragments were sequenced from both sides according to the 
protocol of the BigDye® Terminator v1.1 Cycle Sequencing Kit on an ABI Prism 3130xl 
Genetic Analyzer (Applied Biosystems®, Life Technologies Europe B.V., Gent, Belgium). 
BLASTx (Altschul et al., 1997) with default settings was used to confirm fragment identity. 
Putative reference genes based on Czechowski et al. (2005) were identified and cloned 
from R. simsii using the same routine (Table 6.1 and Supplementary Table 6.1). 
2.3. Experiments 
Rhododendron simsii ‘Nordlicht’, ‘Elien’, ‘Michelle Marie’, ‘Aiko Pink’, ‘Sachsenstern’ and 
‘Mevrouw Gerard Kint’ plantlets were rooted and grown as described in section 2.1 of 
Chapter 5 Methyl jasmonate (MeJA), β-aminobutyric acid (BABA) and coronatine (COR) 
were purchased from Sigma-Aldrich BVBA (Diegem, Belgium). Bion® containing 50% 
acibenzolar-S-methyl (BTH) was a kind gift from Syngenta Belgium (Oosterzele, Belgium). 
Solutions were prepared in distilled water containing 0.02% (v/v) Tween20. Distilled 
water containing 0.02% (v/v) Tween20 was used as mock treatment. Samples were taken 
at different time points after different treatments or mechanical wounding. Each sample 
consisted of six leaf punches (1 cm diameter) randomly divided over one plant (ca. 60 
mg). The samples were flash frozen in liquid nitrogen immediately after harvest and 
stored at -80 °C until analysis. 
Experiment 1 Rhododendron simsii ‘Nordlicht’ plants were treated with four different 
elicitors: 100 µM MeJA, 150 µM BABA, 0.1 µM COR and 300 µM BTH. A mock treatment 
was included as a reference. Plants were sprayed with vaporizers with a fine mist until 
run off. Ten biological replicates for gene expression analysis were taken from each 
treatment 6 hours after application. 
Experiment 2 After selecting MeJA as a potent elicitor of JA related biosynthesis genes in 
R. simsii ‘Nordlicht’ (experiment 1), the effect on gene expression of foliar application 
(spray until run off) at a concentration of 100 µM was evaluated 0, 4 and 6 hours after 
treatment. MeJA samples were compared to mock treated samples. At each time point 
eight biological replicates were harvested from each treatment. 
Experiment 3 In experiment 3, the systemic response on gene expression in leaves was 
assessed after root application of 100 µM MeJA. Samples were taken 0, 4, 6 and 24 hours 
after application. The root balls were submerged for 1 min in 100 µM MeJA or mock 
solution. The samples of MeJA treated plants were compared to samples taken from mock 
treated plants. At each time point eight biological replicates were taken from each 
treatment. 
Experiment 4 Gene expression after leaf application of 100 µM MeJA was assessed in 





‘Michelle Marie’, ‘Aiko Pink’, ‘Sachsenstern’ and ‘Mevrouw Gerard Kint’. A mock treatment 
was used as a reference for each genotype. Six biological replicates were harvested 6 
hours after application for every treatment and genotype.  
Experiment 5 The effect of wounding on gene expression was evaluated in R. simsii 
‘Nordlicht’, ‘Elien’, ‘Michelle Marie’, ‘Aiko Pink’, ‘Sachsenstern’ and ‘Mevrouw Gerard Kint’ 
after 6 hours. Wound response in plants was assessed by mechanically wounding 
(squeezing with forceps) multiple leaves. Clean undamaged plants were used as mock 
treatment. For each treatment and genotype, six biological replicates were harvested.  
2.4. RNA extraction optimization 
Three protocols were compared for extracting high quality RNA from R. simsii 
leaves. Apart from a modified CTAB protocol (protocol I), the TRIzol® Reagent (protocol 
II) and a routinely used CTAB protocol for bud and meristem tissue of R. simsii based on 
Wang and Stegemann (2010) (protocol III) were evaluated.  
 
The optimized protocol (protocol I) to extract leaf RNA from R. simsii plants consists of 
three steps: 
Grinding step Tubes containing tissue samples (60 mg for leaves) were placed in pre-
cooled (-80 °C) Retsch Tissuelyser II (Qiagen Benelux B.V., Venlo, the Netherlands) blocks 
and grinded two times for 90 s at 30 Hz using three zirconium beads (3 mm). Between 
two grinding steps blocks were dipped in liquid nitrogen and orientation was switched.  
Isolation step This step was initially described by Yu et al. (2012), but several 
modifications were included: altered centrifugation conditions, addition of vortex and 
rotation steps, and a re-centrifugation step. After a short spin in a pre-cooled centrifuge 
(4 °C), pre-heated (65 °C) CTAB extraction buffer (700 µl per sample) was added 
[extraction buffer: 3% (w/v) CTAB; 100 mM Tris-HCl (pH 8.0); 1.4 M NaCl; 20 mM 
Na2EDTA; 5% (w/v) PVP and 1% (v/v) β-mercaptoethanol (added just before use)]. The 
mixture was vortexed for 1 min and then incubated at 65 °C, 800 rpm for 10 min using an 
Eppendorf Thermomixer. Afterwards the mixture was centrifuged at 15,800 g for 5 min 
at room temperature. The supernatant was transferred into a new 1.5-ml microfuge tube, 
followed by the addition of an equal volume of chloroform. The mixture was vortexed and 
shaken vigorously for 1 min. After being on a rotator for 5 min, the mixture was 
centrifuged at 15,800 g for 10 min at room temperature. The upper aqueous phase 
(without disturbing the interface) was transferred to a new 1.5-ml microfuge tube. To 
enhance purity of final extracted RNA, the sample was re-centrifuged at the same 
conditions.  
Purification step The supernatant was again transferred to a new 1.5-ml microfuge tube 
and an equal volume of 4 M LiCl was added (Ambion®, Life Technologies Europe B.V., 
Gent, Belgium). RNA was allowed to precipitate overnight at 4 °C, followed by centrifuging 
at 15,800 g for 15 min at 4 °C. The resulting pellets were washed twice with 75% ethanol. 
 
 
Centrifugation during wash steps occurred at 15,800 g for 15 min at 4 °C. Finally, ethanol 
was allowed to evaporate and the pellets were re-suspended in 50 µl of RNase free water.  
2.5. RNA quality control 
Quality and quantity of the obtained RNA was assessed in three ways.  
First, absorbance ratios and yield were measured using the NanoDrop (ND-1000) 
spectrophotometer (Isogen Life Science Belgium, Temse, Belgium). Absorbance ratios 
near or above 2.5 and 2 are generally accepted as excellent purity ratios, for A260/A230 and 
A260/A280 respectively (Schultz et al., 1994; Baelde et al., 2001). 
Second, RNA quality was further determined with the Experion™ Automated 
Electrophoresis System and RNA StdSens Chips (Bio-Rad Laboratories N.V., Temse, 
Belgium). However, RNA Quality Indicator (RQI values) as well as 28 S to 18 S ratios were 
not suitable parameters for integrity assessment in plants (De Keyser et al., 2013). 
Ribosomal RNA (rRNA) bands in plants differ from animals or humans since plants have 
25 S rRNA instead of 28 S rRNA. Chloroplast containing plant tissue introduces two extra 
peaks, 16 S and 23 S (Krupp, 2005) which will be recognized as degradation peaks by the 
software, leading to a miscalculation of the RQI value and an underestimation of the true 
integrity of the material in plants (De Keyser et al., 2013). The integrity was manually 
rated on the brightness and sharpness of the 25 S and 18 S rRNA bands. In each 
experiment a random selection of 10% of the samples were analysed as such.  
Third, the presence of potentially inhibiting substances in the extract was assessed 
with a SPUD assay (Nolan et al., 2006a). Heparin was used as a potential inhibitor to mimic 
the effect of inhibiting substances (Sigma-Aldrich BVBA, Diegem, Belgium) (0.04, 0.4, 4 
and 40 U.ml-1). Samples were measured in duplicate on a LightCycler480 (Roche 
Diagnostics, Vilvoorde, Belgium). The SPUD protocol was performed as described in De 
Keyser et al. (2013).  
2.6. DNase treatment and cDNA synthesis 
The obtained RNA was treated with DNase I according to manufacturer’s 
recommendations (DNA-free™, Ambion®, Life Technologies Europe B.V., Gent, Belgium) 
to remove residual DNA contamination. The amount of starting RNA was 300, 250, 200, 
150 and 200 ng for experiment 1, 2, 3, 4 and 5, respectively. First strand cDNA synthesis 
was performed using a commercial cDNA Synthesis Kit (iScript™ cDNA Synthesis Kit, Bio-
Rad Laboratories N.V., Temse, Belgium). The no reverse-transcriptase controls (noRTs) 
were made using a mixture of DNase treated RNA and nuclease free water (1:1). Prior to 






2.7. Reference gene selection (geNorm) 
A geNorm pilot study to find stable and validated reference genes was conducted as 
recommended by Vandesompele et al. (2002). Twelve samples and fifteen reference 
genes (Table 6.1 and Suppl. Table 6.1) were used for optimal reference gene selection. 
The sample set consisted of six P. latus infested samples and six clean control samples. 
The qPCR reaction was performed as described under section 2.8 RT-qPCR. Cq-values 
were calculated by Lightcycler480 software (Roche Diagnostics, Vilvoorde, Belgium) and 
exported to Microsoft Excel. The data were used for reference gene selection using the 
geNorm module in qbase+ (Hellemans et al., 2007). 
2.8. RT-qPCR 
RT-qPCR primers were developed using Primer3Plus software (Untergasser et al., 2007) 
(Table 6.1). SYBR Green based PCR analyses were performed using the LightCycler® 480 
(Roche Diagnostics, Vilvoorde, Belgium). The qPCR reactions were performed in a final 
volume of 10 µl, containing 2 µl cDNA, 0.3 µl forward primer (10 µM), 0.3 µl reverse 
primer (10 µM), 2.4 µl nuclease free water and 5 µl of SensiFAST™ SYBR® No-ROX 
(Bioline France, Paris, France). RT-qPCR used the following amplification parameters for 
all genes: 5 min activation at 95 °C followed by 45 cycles of PCR at 95 °C for 5 s, 60 °C for 
10 s and 72 °C for 20 s followed by melting curve analysis. Hereto temperature was held 
at 65 °C for 1 min, followed by ramping from 65 to 97 °C with a rate of 0.06 °C.s-1. No 
technical replicates were included in experiment 1 to 5. 
Gene specific PCR efficiencies (E = 10(-1/slope)-1) were calculated by means of 
standard curves. These standard curves were prepared as described by De Keyser et al. 
(2013). In brief, plasmid DNA for each target gene fragment was purified using the 
PureLink® HQ Mini Plasmid Purification Kit (Invitrogen™, Life Technologies Europe B.V., 
Gent, Belgium) and linearized using a restriction enzyme (BamH I for RsICS, RsLOX and 
RsAOS; EcoR V for RsAOC, RsPAL and RsOPR3; Apa I for RsPPO and RsJMT). All enzymes 
were purchased from Invitrogen™ (Life Technologies Europe B.V., Gent, Belgium). The 
stock concentration of plasmids was diluted to a working solution of  
1 ng.µl-1 in 50 ng.µl-1 yeast tRNA (Invitrogen™, Life Technologies Europe B.V., Gent, 
Belgium). Standard curves were constructed as six log10 dilutions of this working 
solution in yeast tRNA (50 ng.µl-1). For each experiment aliquots of the standard curve 
dilution series were prepared fresh from the stock of plasmid DNA stored at -20 °C.  
As described by De Keyser et al. (2013), data from each experiment were analysed 
using LightCycler480 software 1.5 (Roche Diagnostics, Vilvoorde, Belgium). No template 
controls (NTCs) were included in the experiments. Furthermore, in each experiment a 
noRT control for every sample was included.  
The 2nd derivative maximisation method of Luu-The et al. (2005) was selected for 
Cq determination in every run. These values were exported to Microsoft Excel. All 
calculations of RT-qPCR data were done by means of qbase+ software from Biogazelle N.V. 
(Zwijnaarde, Belgium) (Hellemans et al., 2007). The normalization factors were based on 
two validated reference genes (RsRG7 and RsRG14). Relative data were scaled to the 
 
 
maximum relative expression units of each experiment to calculate calibrated normalized 
relative quantities (CNRQs). 
Table 6.1 List of RT-qPCR primer sequences and product size for Rhododendron simsii 
target gene fragments and reference genes during experiments 1-5. 











































aSelected from Czechowski et al. (2005) (encodes a clathrin adaptor complex). 
bDescribed by De Keyser et al. (2013) as HK47 (encodes a nucleosome assembly protein). 
 
 
2.9. Statistical analysis 
Significant differences in gene expression between mock and treatment were assessed 
using Mann-Whitney U tests in STATISTICA (Version 12.0, Statsoft Inc., Tulsa, OK, USA). 
This was done on log-transformed data. Figures based on non-log-transformed data were 








In total 711M Illumina reads (split over 16 libraries) and 1.3M 454 expressed sequence 
tags (from 4 libraries, De Keyser et al., unpublished data) from 20 RNA-seq libraries were 
used for de novo assembly of the R. simsii transcriptome, yielding a total of 893k contigs 
for all 20 samples together. After Orthology Guided Assembly, the transcriptome contains 
a total of 32,367 transcript fragments with an average length of 953 bp, representing the 
orthologs of 14,860 unique A. thaliana genes. Sequence lengths ranged from a defined 
minimum of 102 up to 11190 bp. For expression analysis, we selected the longest 
transcript fragment per gene as non-redundant reference for read mapping. 8,012 out of 
these 14,860 CDS presumably represent full-length proteins. 
In R. simsii ‘Nordlicht’, more than 1,400 genes of the R. simsii transcriptome were 
differentially expressed in response to either MeJA treatment or P. latus infestation. Both 
treatments had more than 500 DEGs in common when compared to the mock treatment 
(absolute FC 1.5 or greater and p < 0.001) (Fig 6.1). The top 25 (down- or upregulation) 
of DEGs for each treatment compared to the mock in ‘Nordlicht’ and ‘Elien’ is shown in 
Suppl. Table 6.2 to 6.9. When the absolute FC cut off was set to be greater than 3, the 
number of DEGs expressed in response to either MeJA treatment or P. latus infestation 
decreased to approx. 500. The number of common DEGs reduced to 150. The majority of 
the DEGs upon P. latus infestation in ‘Nordlicht’ caused an upregulation compared to the 
uninfested control. 
For the mite resistant genotype ‘Elien’ more than 2400 DEGs were reported upon 
mite infestation when compared to the mock treatment when the absolute FC cut off was 
set to be at least 1.5. In contrast only 1342 DEGs were reported upon MeJA treatment. 
Both treatments had 851 DEGs in common when compared to the mock treatment. As a 
consequence of the increase in the absolute FC cut off, greater than 3, the number of DEGs 
decreased to 285 and 881 for the 100 µM MeJA treatment and P. latus infestation, 
respectively. 
In three out of the four mock-treatment comparisons (absolute FC > 1.5), the direct 
evidence of JA involved in response to the treatment was clear. Hence, one or more of the 
following biological GO process terms were enriched: ‘response to jasmonic acid 
stimulus’, ‘jasmonic acid biosynthetic process’ and ‘jasmonic acid metabolic process’. Only 
when comparing the mock to P. latus infestation in ‘Elien’ no GO terms indicating the 
direct involvement of JA were enriched. No underrepresentation of SA terms was found 
for any of the treatments. The MeJA treatment in ‘Nordlicht’ caused an overrepresentation 
of GO terms directly linked to SA: ‘cellular response to salicylic acid stimulus’ and ‘salicylic 
acid mediated signalling pathway’. More stringent conditions on the FC (absolute FC > 3) 
resulted in a significant enrichment of one GO term directly linked to JA: ‘response to 
jasmonic acid stimulus’. The latter term was induced by MeJA treatment in ‘Elien’ and P. 
latus infestation in ‘Nordlicht’.  
 
 
The RNA-sequencing provided data to construct the first transcriptome of R. simsii. 
This transcriptome was used to find DEGs. The results provide evidence for the 
involvement of hormone pathways in reponse to P. latus infestation. 
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Fig 6.1 Analysis of differentially expressed genes (DEG) detected in Rhododendron simsii 
‘Nordlicht’ and ‘Elien’ transcriptional responses upon 100 µM methyl jasmonate treatment 
(orange) or Polyphagotarsonemus latus infestation (green) compared to uninfested control 
plants (p < 0.001). Results are presented for fold change cut off values 1.5 and 3. Numbers 
represent the amounts of DEG, (▲) upregulation in the treatment compared to the 
unifested control and (▼) downregulation in the treatment compared to the uninfested 
control. 
3.2. Cloning genes 
Candidate genes for biosynthesis pathways of JA: LOX, AOS, AOC, OPR3, JMT; or salicylic 
acid (SA): ICS and PAL were successfully isolated. A candidate marker gene for oxidative 
stress response, PPO, was isolated as well. Homology of these genes was confirmed with 
orthologous genes from other plant species by means of BLASTx search (Table 6.2). 
Among the 15 possible reference genes included in the geNorm pilot study (section 3.4), 
four genes were previously validated by De Keyser et al. (2013) (Table 6.1 and Suppl. 
Table 6.1). Eleven new potential reference genes were cloned and identified after 
homology search with a list of stably expressed reference genes (Chechowski et al., 2005). 





3.3. RNA extraction optimization 
Initially, an evaluation was made of RNA extraction protocols for R. simsii leaves based on 
commercially available kits. Among the kits were the SV Total RNA Isolation System 
(Promega Benelux BV, Leiden, the Netherlands), PowerPlant® RNA Isolation Kit (MO BIO 
Laboratories, Inc., Carlsbad, CA, USA) and BcMaq™ Quick RNA/Animal or Plant Tissue 
Purification Kit (Bioclone Inc., San Diego, CA, USA). They all suffered from the same 
problem: columns clogged as samples were very viscous. Reducing the initial amount of 
tissue did not solve this problem. 
Extractions using a modified CTAB protocol (protocol I), the TRIzol® Reagent (protocol 
II) and the protocol of Wang and Stegemann (2010) (protocol III) resulted in a successful 
extraction of leaf RNA. Regarding the difficulties in extracting leaf RNA from R. simsii, the 
quality of RNA obtained with these three protocols was further assessed.  
Extractions of raw leaf RNA using protocol I yielded RNA with an A260/A230 ratio 
being 2.4-2.5 and a A260/A280 ratio being 2.0-2.1. The absorbance ratios for leaf RNA 
obtained with protocol II and protocol III resulted in low A260/A230 ratios (< 1). The 
corresponding A260/A280 ratios were suboptimal averaging 1.5 and 1.7 for protocol II and 
III, respectively (Fig 6.2). Extremely low A260/A230 ratios in RNA extracts from protocols 
II and III indicated a contamination of polysaccharides and polyphenols (Schultz et al., 
1994; Loulakakis et al., 1996). 
RNA integrity was evaluated with the Experion Automated Electrophoresis Station from 
Bio-Rad. The extraction based on protocol I resulted in RNA with excellent integrity 
compared to protocol II and III (Fig 6.3). The virtual gel-views indicated clean ribosomal 
bands only for protocol I. Samples obtained with protocol II were unsuitable for further 
analysis, since ribosomal bands were unrecognizable. Ribosomal bands from samples 
extracted with protocol III were somewhat more abundant but lanes 13, 15 and 16 
showed a severe degree of degradation. The degradation was also noticed in the 
electropherogram (data not show) by a decrease of the ribosomal peaks and a shift to the 




Table 6.2 Sequence homology (BLASTx, default settings) of the isolated Rhododendron 
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Fig 6.2 Absorbance ratios (a) A260/A280 and (b) A260/A230 of raw RNA extracted from leaf 
tissue of Rhododendron simsii with three different protocols; protocol I, protocol II, and 













In a SPUD assay the effect of potential inhibiting substances in the RNA extracts of 
protocol I and III were compared to control samples (average Cq-value ± SE, 25.01 ± 0.02). 
Based on the extremely bad RNA integrity results for samples from protocol II, this 
protocol was not evaluated in the SPUD assay. Concentrations of 40 U.ml-1 and 4 U.ml-1 
heparin inhibited the RT-qPCR completely (Cq-values > 40), while a concentration of 0.04 
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Fig 6.3 Virtual gel-view of raw RNA extracted from Rhododendron simsii leaves. RNA 
extracted with protocol I (lane 1 to 6), protocol II (lane 7 to 12) and protocol III (lane 13 to 
18). Discriminating bands under normal conditions (large to small): 25 S rRNA, 23 S rRNA, 
18 S rRNA, 16 S rRNA, small RNA and loading marker. Marker lane is represented as M. 
Estimated sizes are presented in kilodaltons (kDa). 
 
 
partly inhibited at a concentration of 0.4 U.ml-1 heparin, with an average Cq-value of 26.68 
± 0.01. There was no indication of inhibition in RNA from leaf tissue obtained with 
protocols I (24.99 ± 0.01) and III (24.95 ± 0.03) since Cq-values of RNA samples were 
within the range of 1 Cq of the control samples. 
Finally, protocol I was validated on a set of 26 leaf samples of R. simsii. Samples yielded 
on average (± SE) 154.59 ± 12.24 ng RNA.µl-1. Average (± SE) absorbance ratios were 1.94 
± 0.01 and 2.29 ± 0.05 for A260/A230 and A260/A280, respectively. Based on these results, we 
concluded that the protocol was sufficient for further use in our experiments. 
3.4. Reference gene selection (geNorm) 
In a geNorm pilot experiment the optimal combination of a set of reference genes was 
evaluated. This was done by comparing pairwise variation between sequential 
normalisation factors (NFs). Results showed that the inclusion of a third gene would only 
have a minimal effect (V2/3 = 0.031). The value was much lower than the proposed cut off 
value of 0.15 (Hellemans et al., 2007). As such the optimal NF in each experiment was 
calculated as the geometric mean of two reference genes, RsRG7 and RsRG14. The 
corresponding M-value of 0.089 indicated that these reference targets were very stably 
expressed in R. simsii, since it was far below the threshold of 0.5 (Hellemans et al., 2007). 
Furthermore, both genes belong to different functional classes and are as such likely not 
to be co-regulated. This makes the combination of both reference genes trustworthy for 
calculating a NF (Vandesompele et al., 2002).   
3.5. Expression analysis 
In all experiments noRTs, reference gene stability and PCR efficiencies were checked prior 
to analysis. In case of amplification of noRTs, contamination was considered to be 
negligible when the difference in Cq between noRT and the sample was above 5 cycles. If 
there was contamination, the particular sample was discarded from the data set before 
further calculations. In all experiments the validated reference genes RsRG7 and RsRG14 
were stably expressed. The M- and CV-values were below their respective thresholds of 
0.5 and 0.15 (Suppl. Table 6.10). Run specific efficiencies were used to calculate standard 
curves. For all genes except for RsRG14 and RsPPO, PCR efficiencies were close to the 
optimum of 2 (Suppl. Table 6.11, Suppl. Table 6.12, Suppl. Table 6.13). The efficiencies of 
RsRG14 and RsPPO were a bit lower than the optimal value of 2, but these results were 
consistent throughout all experiments. 
In experiment 1, the effect of different elicitors on gene expression in R. simsii was 
evaluated. Jasmonic acid biosynthesis genes (RsLOX, RsAOS, RsAOC, RsOPR3 and RsJMT) as 
well as SA biosynthesis gene RsPAL and RsPPO (a marker gene for oxidative stress 
response) were significantly up-regulated in leaves of R. simsii ‘Nordlicht’ 6 hours after 
treatment with 100 µM MeJA or 0.1 µM COR when compared to basal expression levels 
(Fig 6.4). The highest induction was observed for RsAOC as FCs (Fold Changes, calculated 
on non-log-transformed data as the proportion of treatment over mock) were 7.7 and 9.5 





the SA biosynthesis gene RsICS was observed upon MeJA (FC = -1.5) and COR (FC = -1.3) 
treatment. Foliar treatment of R. simsii ‘Nordlicht’ with either 150 µM BABA or 300 µM 
BTH did not cause a significant induction of the selected marker genes 6h after application 
compared to basal expression levels (Fig 6.4). Methyl jasmonate was retained as an 
elicitor in R. simsii during subsequent experiments since it was able to induce the entire 
set of marker genes and it was much cheaper than COR.   
 
Fig 6.4 Fold changes (proportion of treatment over mock) of marker genes for jasmonic 
acid (RsLOX, RsAOS, RsAOC, RsOPR3, RsJMT); salicylic acid (RsICS and RsPAL) and oxidative 
stress response (RsPPO) in Rhododendron simsii ‘Nordlicht’ leaves 6 hours after application 
of 100 µM methyl jasmonate (MeJA), 150 µM β-aminobutyric acid (BABA), 0.1 µM 
coronatine (COR) or 300 µM acibenzolar-S-methyl (BTH) (experiment 1). Significant 
differences compared to the respective mock treatment: ns = not significant; * p < 0.05; ** 
p < 0.01 and *** p < 0.001. 
In experiment 2, the effect of foliar application of 100 µM MeJA was assessed in a time 
course experiment. Immediately after treatment there was no significant effect on the 
gene expression of the marker genes except for RsAOS and RsICS (Fig 6.5). Both genes 
were significantly down-regulated with an FC of -1.5. Jasmonic acid biosynthesis genes 
RsLOX, RsAOS, RsAOC, RsOPR3 and RsJMT were significantly up-regulated at 4 and 6 hours 
upon treatment. Besides a significant down-regulation of RsICS immediately after foliar 
spraying of MeJA, also a significant down-regulation was observed 4 (FC = -1.6) and 6 (FC 
= -2.3) hours after application. On the contrary, the RsPAL gene, another SA biosynthesis 
marker gene, was only significantly up-regulated 4 hours after treatment (FC = 1.4). Foliar 
application of MeJA caused a significant up-regulation of the PPO gene. Fold changes were 
significantly different with values of 1.5 and 1.8, 4 and 6 hours after foliar application, 
respectively. Taking samples 6 hours after foliar application seems to provide relevant 
information for gene expression analysis in R. simsii using our set of marker genes. 




















































Fig 6.5 Fold changes (proportion of treatment over mock) of marker genes for jasmonic 
acid (RsLOX, RsAOS, RsAOC, RsOPR3, RsJMT), salicylic acid (RsICS and RsPAL) and oxidative 
stress response (RsPPO) in Rhododendron simsii ‘Nordlicht’ leaves at 0, 4 and 6 hours after 
foliar application of 100 µM methyl jasmonate (MeJA) (experiment 2). Significant 
differences compared to the respective mock treatment: ns = not significant; * p < 0.05; ** 
p < 0.01 and *** p < 0.001. 
The systemic effect on gene expression in R. simsii leaves after MeJA root application was 
evaluated in experiment 3. Only RsJMT was significantly up-regulated (FC = 1.6) 4 hours 
after application. The first significant induction for other JA biosynthesis genes was 
measured 6 hours after treatment and resulted in FCs of 3.2, 3.3, 2.8 and 1.4 for RsLOX, 
RsAOS, RsAOC and RsOPR3, respectively (Fig 6.6). One day after dipping R. simsii 
‘Nordlicht’ roots in MeJA none of the evaluated JA biosynthesis marker genes was still 
significantly induced. A significant down- and up-regulation was measured 6 hours upon 
treatment for SA biosynthesis marker genes RsICS and RsPAL, respectively. RsPAL 
remained significantly induced (FC = 1.6) one day after application whereas for RsICS this 
was not the case. A root application of MeJA was able to significantly up-regulate the 
expression of RsPPO in leaves only 6 hours after application. 
Methyl jasmonate root application induced a similar response in ‘Nordlicht’ leaves 
as did foliar application (Fig 6.5 and Fig 6.6). However, the time frame of gene induction 
in leaves after root application was delayed when compared to foliar application. Hence, 
foliar application was preferred for further experiments.  












































Fig 6.6 Fold changes (proportion of treatment over mock) of marker genes for jasmonic 
acid (RsLOX, RsAOS, RsAOC, RsOPR3, RsJMT), salicylic acid (RsICS and RsPAL) and oxidative 
stress response (RsPPO) in Rhododendron simsii ‘Nordlicht’ leaves at 0, 4, 6 and 24 hours 
after root application of 100 µM methyl jasmonate (MeJA) (experiment 3). Significant 
differences compared to the respective mock treatment: ns = not significant; * p < 0.05; ** 
p < 0.01 and *** p < 0.001. 
In experiment 4, gene expression 6 hours upon MeJA treatment (100 µM) was evaluated 
in six different R. simsii genotypes: ‘Nordlicht’, ‘Elien’, ‘Michelle Marie’, ‘Aiko Pink’, 
‘Sachsenstern’ and ‘Mevrouw Gerard Kint’. The purpose of this experiment was to 
determine genotype differences after MeJA treatment. The application of MeJA caused 
significant induction of the marker gene RsLOX in leaves of all six genotypes when 
compared basal levels (Fig 6.7). ‘Aiko Pink’ had the lowest FC (1.6) while ‘Sachsenstern’ 
showed the highest FC (4.2). Fold changes of RsAOS showed a significant up-regulation in 
leaves of all six genotypes when comparing to basal levels versus MeJA treatment and 
varied between 2.8-5.8 times. In contrast to the other genotypes, ‘Aiko Pink’ resulted in 
no significant induction of RsAOC upon MeJA treatment compared to the basal levels. Fold 
changes in ‘Elien’ and ‘Michelle Marie’ were low but significant (2.6 and 5.8, respectively). 
However, this was more than two times lower compared to the other genotypes with FCs 
of 10.9, 18.9 and 20.9 for ‘Nordlicht’, ‘Sachsenstern’ and ‘Mevrouw Gerard Kint’, 
respectively. The application of MeJA caused a comparable and significant induction of 
RsOPR3 in all genotypes, fold changes were 2.1-4.2. Interestingly, no significant induction 
of RsJMT was observed in ‘Aiko Pink’ upon MeJA treatment. This was also the case for 
RsAOC. Furthermore, significance levels of RsLOX, RsICS and RsPAL in ‘Aiko Pink’ were 
lower compared to other genotypes. Gene expression of RsICS decreased significantly 
after treatment with FCs between -1.7 and -3.8 among the six genotypes. RsPAL was 
significantly up-regulated by MeJA treatment (FC = 1.9-3.1) in all genotypes except for 
‘Sachsenstern’ where no significant up-regulation was detected. Basal expression levels 

















































of RsPPO ‘Elien’ were much lower compared to the other genotypes, but it had the highest 
fold change (FC = 8.1). The mock treatment of ‘Elien’ showed only limited expression 
when compared to the other genotypes. The treatment caused in the other genotypes a 
significant up-regulation of RsPPO compared to basal expression levels and FCs varied 
between 1.6-4.2. 
Wounding of leaves (experiment 5) caused a significant and strong up-regulation of JA 
biosynthesis marker genes RsLOX, RsAOS and RsAOC in all six genotypes when comparing 
to their respective basal expression levels (Fig 6.8). Fold changes for RsLOX varied 
between 8.1 and 29.5. RsAOS was strongest up-regulated 6 hours after wounding in 
‘Mevrouw Gerard Kint’ (FC = 58.6), lowest up-regulation was observed in ‘Aiko Pink’ (FC 
= 27.9). Wounding resulted in a significant up-regulation of RsAOC as FCs varied between 
23.0-216.2. The following gene in the JA biosynthesis cascade, RsOPR3 was not 
significantly induced in ‘Nordlicht’ while in the other genotypes FCs were 1.4-3.9. 
Although significant compared to the previous three genes, these FCs were negligible. For 
RsJMT none of the six genotypes showed to have altered gene expression levels upon 
wounding. In the SA pathway leaf wounding caused a significant down-regulation (FC = -
1.7 to -8.4) of RsICS in all genotypes. On contrary, for RsPAL wounding caused a significant 
up-regulation (FC = 1.6-4.9) in all genotypes except for ‘Michelle Marie’. The latter 
genotype also showed no significant induction of RsPPO. The highest up-regulation of 
























































































































































































































































Fig 6.7 Gene expression profiles (CNRQ, non-log-transformed) of marker genes for 
jasmonic acid (RsLOX, RsAOS, RsAOC, RsOPR3, RsJMT), salicylic acid (RsICS and RsPAL) and 
oxidative stress response (RsPPO) in Rhododendron simsii ‘Nordlicht’, ‘Elien’, ‘Michelle 
Marie’, ‘Aiko Pink’, ‘Sachsenstern’ and ‘Mevrouw Gerard Kint’ leaves 6 hours after foliar 
application of 100 µM methyl jasmonate (MeJA) or mock treatment (experiment 4). 
Numbers above the bars denote fold changes of treatment compared to mock. Significant 
differences compared to the respective mock treatment: ns = not significant; * p < 0.05; ** 
























































































































































































































































Fig 6.8 Gene expression profiles (CNRQ, non-log-transformed) of marker genes for 
jasmonic acid (RsLOX, RsAOS, RsAOC, RsOPR3, RsJMT), salicylic acid (RsICS and RsPAL) and 
oxidative stress response (RsPPO) in Rhododendron simsii ‘Nordlicht’, ‘Elien’, ‘Michelle 
Marie’, ‘Aiko Pink’, ‘Sachsenstern’ and ‘Mevrouw Gerard Kint’ leaves 6 hours after 
wounding leaves or mock treatment (experiment 5). Numbers above the bars denote fold 
changes of treatment compared to mock. Significant differences compared to the 






Next-generation sequencing of R. simsii RNA resulted in the first R. simsii transcriptome. 
Circa 14.9k unique orthologs from A. thaliana genes were identified. This represents 
about half of the genes described in model species A. thaliana (Lamesch et al., 2012). From 
RNAseq experiments GO enrichment indicated the involvement of different biological 
processes upon MeJA treatment in ‘Nordlicht’ and ‘Elien’, a susceptible and resistant 
genotype, respectively. Various biological processes show the involvement of JA. In 
‘Nordlicht’, a similar response was found upon P. latus infestation. This might suggest JA 
playing a role in plant defence against P. latus. Molecular data on the interaction between 
plant and mite are limited to cucumber and tomato but stressed the importance of the JA 
pathway (Grinberg et al., 2005; Grinberg-Yaari et al. 2015). In order to confirm RNAseq 
results genes in the biosynthesis pathways of JA and SA were cloned for gene expression 
analysis. For JA biosynthetic pathway LOX (Vick and Zimmermann, 1983), AOS (Laudert 
et al., 1996), AOC (Ziegler et al. 2000), OPR3 (Müssig et al., 2000) and JMT (Seo et al., 2001) 
were successfully cloned. In the SA biosynthetic pathway PAL and ICS (Howe et al. 2005) 
were isolated in R. simsii. Finally a putative marker gene for oxidative stress response was 
cloned as PPO (Bergery et al., 1996) 
For making a complete study on the role of JA in response to P. latus in R. simsii hybrids 
the set of putative maker genes was validated. Gene expression measurements in specific 
tissues necessitate the availability of high quality RNA in order to perform reliable 
experiments and to obtain consistent results (Bustin et al., 2009). Extremely low A260/A230 
ratios in extracts from protocols II and III indicated contamination with polysaccharides 
and polyphenols (Schultz et al., 1994; Loulakakis et al., 1996). It is suggested that the loss 
of RNA which might form a complex to residual proteins and polyphenols was limited in 
our protocol. This was most likely due to the use of pure chloroform instead of 
chloroform:isoamyl alcohol (24:1) or phenol:chloroform:isoamyl alcohol (25:24:1) in 
other protocols (e.g. Liao et al., 2004; Wang and Stegemann, 2010; Yu et al., 2012). 
Furthermore, in most protocols RNA precipitation is carried out with isopropanol and 
followed by additional precipitation steps with NaAOc for low concentrated samples 
(Shahrokhabadi et al., 2008). Here lithium chloride (Zeng and Yang, 2002) was used, 
which resulted in higher RNA concentrations. In downstream applications such as the 
sensitive RT-qPCR technique, inhibiting substances in RNA extracts are unwanted. From 
the SPUD assay (Nolan et al., 2006a, 2006b) it was concluded that substances inhibiting 
RT-qPCR were not present in extracts resulting from the presented protocol I. Hence, the 
protocol I was used for further experiments. 
Our experiments show a significant induction of the putative marker genes in R. simsii 
after MeJA application when compared to the basal expression levels. This up-regulation 
of JA biosynthesis genes upon MeJA treatment is in agreement with results obtained in 
Arabidopsis by Jung et al. (2007). The present study shows that transcript levels of the 
marker genes increased over time in MeJA treated R. simsii plants. Macroarray analysis 
showed up-regulation of LOX2, AOS and OPR3 genes in Arabidopsis rosette leaves 24 hours 
 
 
after treatment with MeJA (100 µM). A time course assay (northern blotting) showed that 
in Arabidopsis LOX and AOS genes were induced early in response to MeJA, and the 
maximum accumulation of transcripts was seen 12 hours after treatment (Jung et al., 
2007). RT-PCR amplification and southern blot analysis also suggested a significant gene 
transcription of JMT in Arabidopsis upon MeJA treatment (Jung et al., 2007). Sasaki et al. 
(2001) stated that in Arabidopsis MeJA positively induces the expression of JA 
biosynthesis genes such as LOX2, AOS, AOC and OPR3. AOC is also induced in other 
dicotyledonous plant species such as tomato by MeJA application (Stenzel et al., 2003). 
Furthermore JA application evidenced induction of this gene in monocotyledonous plant 
species e.g. rice (Agrawal et al., 2004). Expression patterns of JA biosynthesis related 
marker genes were in general the same in six different R. simsii genotypes. But for ‘Aiko 
Pink’ the expression patterns were less significant and genes RsAOC and RsJMT were not 
significantly induced 6 hours after application compared to the other genotypes. In wheat 
(Triticum aestivum), MeJA application showed to result in genotype specific gene 
expression, including LOX and PAL genes (Motallebi et al., 2015). These differences in 
induction may be due to the different backgrounds of the genotypes. Another hypothesis 
might be that genotypes react in producing signalling molecules upon a stimulus received. 
A correct assessment of this hypothesis necessitates samples taken at different time 
points upon treatment. 
Compared to what is known about local MeJA induced responses in shoots, 
relatively little knowledge is available about JA signalling and induction of JA biosynthesis 
genes in shoots as a systemic response induced by root application. In present study, 
similar expression patterns were observed in R. simsii leaves after a foliar or root 
treatment with MeJA. However, timing of gene expression induction in shoots differed 
depending on the site of application in R. simsii ‘Nordlicht’. Local application resulted in a 
much earlier (approx. 2 hours) significant induction of these genes compared to the 
systemic (root) application. From Tytgat et al. (2013) it is clear that the JA biosynthesis 
pathway in Brassica oleracea is differently regulated in roots and shoots. This may in turn 
cause differential responses in both organs depending on where the initial JA signal was 
first perceived. It is suggested that a different OPDA/JA ratio depending on the site of JA 
induction might be one of the mechanisms causing the observed differential gene 
expression in B. oleracea (Tytgat et al., 2013).  
In R. simsii, expression of the PAL gene, the key enzyme for SA biosynthesis via the 
phenylpropanoid pathway (Howe et al., 2005), was significantly induced upon application 
of MeJA. On the contrary, expression of RsICS, the key enzyme responsible for biosynthesis 
of SA via the isochorismate pathway (Howe et al., 2005), was down-regulated in MeJA 
treated R. simsii plants compared to basal expression levels. Król et al. (2015) suggested 
that the phenylalanine ammonia-lyase pathway but not the isochorismate pathway is the 
primary route for SA production in tomato upon treatment with MeJA. This is concluded 
from gene expression analysis (e.g. upregulation of PAL5 and downregulation of ICS), 
determination of endogenous phytohormone levels and amounts of quercetin and 





Induction by MeJA application of the PPO gene, an oxidative stress-tolerance gene, 
which has an anti-herbivore role (Constabel et al., 1995), was observed in ‘Nordlicht’ but 
also in five other R. simsii genotypes; ‘Elien’, ‘Michelle Marie’, ‘Mevrouw Gerard Kint’, 
‘Sachsenstern’ and ‘Aiko Pink’. The same effect was observed in many other plant species 
such as tomato (Constabel et al., 1995), tobacco (Ren and Lu, 2006), several poplar species 
(Constabel et al., 2000; Haruta et al., 2001) and also in other herbaceous crops and trees 
(Constabel and Ryan, 1998). Furthermore, it was found that PPO mRNA was strongly 
induced in the growing leaves of MeJA treated plants, but only slightly induced in older 
leaves (Constabel et al., 2000). In tomato, MeJA and the octadecanoid pathway induce PPO 
in addition to a battery of anti-herbivore proteins that help regulate the defence response 
itself (Bergey et al., 1996). 
Plants treated with COR, a potent agonist of the JA receptor, had similar expression 
patterns of the set of marker genes as compared to the MeJA treatment. Since COR shares 
structural and functional similarities with JA and related signalling compounds such as 
MeJA and JA-Ile (Feys et al., 1994; Weiler et al., 1994; Staswick and Tiryaki, 2004; 
Uppalapati et al., 2005), the effect of COR on JA or SA biosynthesis genes was as expected 
comparable to that of MeJA application. In R. simsii ‘Nordlicht’, COR strongly induced 
expression of all the key enzymes in the JA biosynthesis pathway. Application of COR to 
Arabidopsis rosette leaves resulted in the accumulation of OPR3 (Katsir et al., 2008b; 
Melotto et al., 2008). This induction was reported in tomato as well (Uppalapati et al., 
2005).  
It is shown in experiment 1, that 6 hours after application of BABA on ‘Nordlicht’ 
no significant induction of the selected marker genes was observed. β-aminobutyric acid 
was selected as a potential inducer since Zimmerli et al. (2000) observed a protective 
effect of BABA in Arabidopsis when used at comparable concentrations. This was due to 
the potentiation of natural defence mechanisms against biotic stresses, a phenomenon 
later referred to as priming (Conrath et al., 2002). It might be that the concentration of 
BABA used in R. simsii was not appropriate to induce a relevant expression of the marker 
genes in R. simsii or that samples were not taken in the correct time window. 
Hamiduzzaman et al. (2005) observed no induction of LOX-9 in grapevine (Vitis vinifera) 
upon application of BABA (1 mM), supporting our findings, but in that study samples were 
taken one or more days after application. 
The application of BTH, a synthetic analogue of SA (Friedrich et al., 1996; Lawton 
et al., 1996), caused no significant induction of the SA biosynthesis marker genes in R. 
simsii ‘Nordlicht’. The JA biosynthesis marker genes were also not induced. In Arabidopsis 
leaves expression of LOX2 and PAL1 was not markedly influenced 72 hours upon BTH 
treatment (Moran and Thompson, 2001) nor was the LOX-9 gene in grapevine 1-4 days 
after BTH treatment (Hamiduzzaman et al., 2005). In Arabidopsis BTH was not, or only 
slightly active at the immediate induction of the PAL gene (Kohler et al., 2002). Here again, 
one can discuss concentration or the time points when taking samples after application. 
But BTH concentration used in R. simsii was the same as in Arabidopsis and tomato. Van 
Wees et al. (1999) showed that BTH application can suppress JA-dependent responses in 
 
 
Arabidopsis. This might explain the non-induction of JA related biosynthesis genes in R. 
simsii ‘Nordlicht’ upon BTH application.  
Another well-known inducer of JA-dependent responses is mechanical wounding 
(Reymond and Farmer, 1998). Our results indicate that the set of marker genes showed 
generally the same response upon wounding when compared to the external application 
of MeJA. No significant accumulation of RsJMT mRNA was observed in neither of the six R. 
simsii genotypes. In contrast, JMT expression was induced by wounding in Arabidopsis 
(Seo et al., 2001). Transport of OPDA, the JA precursor, into peroxisomes via ATP-binding 
cassette transporter COMATOSE (Theodoulou et al., 2005) represents a potential point of 
post-translational regulation of the OPDA metabolism as stated by Koo et al. (2009). 
Furthermore OPR3, as well as downstream enzymes in the β-oxidation pathway (Schaller 
et al., 2005; Browse et al., 2009), are potential control points for the wound-induced post-
translational regulation of JA synthesis (Koo et al., 2009) or the subsequent conversion to 
MeJA by JMT. In Capsicum annuum expression levels for OPR3 and JMT increased 
immediately after wounding (10 min), and were maintained for 1 to 4 hours (Song et al., 
2005). This might suggest our samples in R. simsii were probably taken when transcript 
levels already were decreasing, resulting in lower fold changes between MeJA induced 
and basal expression levels. Fold changes of RsOPR3 were relatively lower compared to 
those of JA biosynthesis genes RsLOX, RsAOS and RsAOC 6 hours upon wounding. RsOPR3 
was even not significantly induced in ‘Nordlicht’ by wounding. However, in Arabidopsis, 
OPR3 was induced after wounding (Costa et al., 2000). Low FCs measured 6 hours after 
wounding, may be the result of a rapid accumulation (within 15 min) of transcript levels, 
attaining peak levels 30-60 min after wounding, followed by a decline at later time points, 
as was also observed in Arabidopsis (Koo et al., 2009). The latter results suggest samples 
were probably taken when transcript levels already were decreasing. On contrary, RsLOX, 
RsAOS and RsAOC genes that are known to be located in the chloroplast and supposed to 
be active earlier in the JA biosynthesis pathway, were highly induced in all genotypes. 
Resulting FCs were between 8.1-29.5, 27.9-58.6 and 23.0-216.2 for RsLOX, RsAOS and 
RsAOC, respectively. This indicates that in R. simsii wounding results in a much later 
response of JA biosynthesis genes as compared to C. annuum and Arabidopsis. 
Furthermore it is very plausible that samples were taken too early in order to detect 
differences in gene expression for RsOPR3 and RsJMT. Despite the strong induction of 
RsLOX (FC = 8.1) and RsAOS (FC = 27.9) in ‘Aiko Pink’ no significant induction was found 
for RsPAL. In all other genotypes the induction of RsLOX, RsAOS and RsPAL upon wounding 
is in accordance with Reymond et al. (2000) who showed induction of LOX2, AOS and 
PAL2, a group of COI1-dependent genes for which induction by wounding depends strictly 
on the ability of the plant to respond to JA. PAL1, a COI1-independent gene also was 
induced by wounding in Arabidopsis (Reymond et al., 2000). Leaves that had been 
wounded and adjacent leaves on the same plant showed to accumulate LOX2 mRNA in 
Arabidopsis (Bell and Mullet, 1993). Induction of this gene is required for the wound-
induced synthesis of the plant growth regulator JA in leaves (Bell et al., 1995). In tomato 





Sivasankar et al., 2000; Ziegler et al., 2000). The homolog of the PPO gene in R. simsii 
showed an increase in transcript levels in all of the evaluated genotypes except for 
‘Michelle Marie’. Constabel et al. (2000) observed an accumulation of PPO transcripts 
upon wounding in hybrid poplar (Populus trichocarpa × Populus deltoides). When 
comparing all genotypes it is remarkable that ‘Elien’ had the highest FCs upon MeJA 
treatment and wounding. But when comparing the basal expression levels among the 
other genotypes ‘Elien’ showed extremely low expression of RsPPO.  
This work highlights the expression patterns of marker genes related to JA and SA 
biosynthesis pathways and an oxidative-stress response gene. In future studies this set of 
validated marker genes can be used to identify their role in plant physiological processes 









Hormonal changes and gene expression of 
jasmonic acid biosynthesis genes in response 
to  Polyphagotarsonemus latus infestation in 





Insects are able to feed on plants in various ways. Chewing insects such as caterpillars and 
beetles consume significant proportions of plant tissue. Sucking-type feeding insects like 
thrips combine sucking and rasping to feed. Phloem-feeding is done by aphids and 
whiteflies who use a feeding tube and cause minimal tissue disruption and rarely 
mechanical damage to the host plant (Abe et al., 2009; Zhurov et al., 2014). Another major 
class of insect feeding includes mining-type feeding in which leafminers feed within leaves 
and stems forming tunnels (Abe et al., 2009). Chelicerates which include phytophagous 
mites, pierce plant tissue to feed on cell contents (Tanigoshi & Davis, 1978; Campbell et 
al., 1990). Of these, the two-spotted spider mite, Tetranychus urticae, is the best 
characterized in terms of its interaction with the plant (Zhurov et al., 2014). Another plant 
feeding mite, the broad mite Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae), 
has a polyphagous feeding behaviour (Gerson, 1992; Zhang, 2003) and feeds on the 
youngest growth tips of a wide range of plants, including Rhododendron simsii. This causes 
malformation of flower buds and terminal leaves curling down at the edges and becoming 
brownish (Labanowski & Soika, 2006). Not all R. simsii genotypes are susceptible to P. 
latus. ‘Elien’ is resistant, whereas ‘Aiko Pink’ and ‘Nordlicht’ are very susceptible 
genotypes and ‘Michelle Marie’, ‘Mevrouw Gerard Kint’ and ‘Sachsenstern’ are considered 
susceptible genotypes (Chapter 5). It is clear that plant defence responses can be 
attributed to the mechanical feeding damage provoked (Mithöfer et al., 2005), but some 
responses only can be attributed to certain herbivory-derived signals (Howe and Jander, 
2008). Most of these emanate from herbivore saliva or regurgitant and result in defined 
herbivory-induced changes, such as phytohormone accumulation, induction of defence 
genes and the emission of volatiles (Wu and Baldwin, 2010).  
The phytohormone jasmonic acid (JA) plays an important role in plant defences 
against pests and insects in horticultural crops (Rohwer and Erwin, 2008). Studies on 
mutant plants demonstrated the effect of JA on caterpillars and aphids in Arabidopsis (Ellis 
et al., 2002; Reymond et al., 2004). But also plant defences to other insects such as thrips 
are shown to be jasmonate-dependent (De Vos et al., 2005; Abe et al., 2008a, 2008b, 
2009). Spider mites (Tetranychus sp.) are known to induce JA-regulated gene-expression 
when feeding on plants (e.g. Arimura et al., 2000; Zheng et al., 2007; Kant et al., 2008; 
Sarmento et al., 2011b; Agut et al., 2014; Zhurov et al., 2014; Alba et al., 2015). However, 
some strains of the spider mites Tetranychus urticae and Tetranychus evansi were found 
to suppress expression of JA and/or SA marker genes (Kant et al., 2008; Sarmento et al., 
2011b; Alba et al., 2015). This phenomenon is well known from plant pathogens (e.g. 
Abramovitch et al., 2006; Kamoun, 2006; De Jonge et al., 2011) and nematodes (Haegeman 
et al., 2012). Also insects are capable to manipulate plant defences (Musser et al., 2002, 
2005; Will et al., 2007; Zarate et al., 2007; Weech et al., 2008; Zhang et al., 2009, 2011; Bos 
et al., 2010; Consales et al., 2012; Stuart et al., 2012; Wu et al., 2012). In 2005 it was shown 
that P. latus infestation activates JA- and salicylic acid (SA)-dependent pathways, and 
possibly an oxidative stress response in cucumber leaves (Cucumis sativus) (Grinberg et 
al., 2005). Salicylic acid is essential for defence against diseases (Vlot et al., 2009). In 





inhibitor transcripts. These proteinase inhibitors are expressed during the late stage of 
the JA pathway. It has been reported that P. latus feeding on def-1 plants, mutants of 
tomato ‘Castlemart’ impaired in JA biosynthesis, caused a ca. 40 % reduction in leaf 
number and ca. 55 % reduction in plant height whereas the wild type was resistant to P. 
latus  infestation (Grinberg-Yaari et al., 2015). 
In the present study, the role of JA and/or SA induced defences in response to P. latus 
infestation on R. simsii was clarified. Gene expression of marker genes for the JA and SA 
biosynthesis pathway in R. simsii hybrids was studied, while phytohormone 
quantification was done by LC-MS/MS. Finally, the effect of JA or SA induction on P. latus 
population growth rate was evaluated in a bio-assay. 
2. Materials and methods 
2.1. Plant material and infestation 
Rhododendron simsii ‘Nordlicht’, ‘Elien’, ‘Michelle Marie’, ‘Aiko Pink’, ‘Sachsenstern’ and 
‘Mevrouw Gerard Kint’ plantlets were rooted and grown as described in section 2.1 of 
Chapter 5. Plants were infested by surrounding them with P. latus infested Hedera helix 
plants. The infestation technique and rearing of the mites are described in section 2.2 of 
Chapter 5. Plant damage caused by P. latus was rated on a scale from 0 to 4 as described 
in section 2.3 of Chapter 5. The corresponding number of mites present per shoot tip was 
determined using the protocol described in section 2.3 of Chapter 5. 
2.2. Experiments 
Experiment 1 Polyphagotarsonemus latus infested R. simsii ‘Nordlicht’ was compared to 
an uninfested control. Leaf samples were taken at 0, 4, 6, 8, 12, 15, 20 and 25 days post 
infestation (dpi) in infested plants and uninfested control plants. Gene expression analysis 
at each time point was based on 8 replicates for each treatment. Mite counts per shoot tip 
and damage rates were calculated as the average of 10 replicates. 
Experiment 2 A comparison was made between R. simsii ‘Nordlicht’, ‘Elien’, ‘Michelle 
Marie’, ‘Aiko Pink’, ‘Sachsenstern’ and ‘Mevrouw Gerard Kint’ plants infested with P. latus 
mites and their uninfested controls. For each treatment the six genotypes were randomly 
placed in one block. At 7, 14 and 21 dpi, 6 replicate leaf samples were collected for gene 
expression analysis from the infested as well as the uninfested control plants. The average 
damage rate and number of mites present per shoot tip was calculated on 8 replicates 
taken at 0, 7, 14 and 21 dpi. Replicates for phytohormone analysis (n = 8) were taken at 7 
dpi for both treatments on ‘Nordlicht’ and ‘Elien’.  
Experiment 3 Phytohormones were compared between P. latus infested and uninfested 
R. simsii ‘Nordlicht’ and ‘Elien’. Samples were taken at 4, 6, 8 and 11 dpi (n = 5) from the 
infested as well as the uninfested control plants. Corresponding damage rates and 
numbers of mites present per shoot tip were determined at each time point (n = 5). 
 
 
Experiment 4 Population growth of P. latus on R. simsii leaf discs exposed to 
phytohormones or a mock solution was studied. In a 24-well plate leaf discs (diameter 12 
mm) of R. simsii ‘Nordlicht’ were floated on hormone solutions. Solutions were prepared 
in distilled water containing 0.02% (v/v) Tween20 and 50, 100 µM MeJA or 50, 100 µM 
SA. Distilled water containing 0.02% (v/v) Tween20 was used as mock treatment. Methyl 
jasmonate and SA were purchased from Sigma-Aldrich BVBA (Diegem, Belgium). On each 
leaf disc one two-day old adult female broad mite was placed. In total 24 replications of 
each treatment were prepared. Plates were placed in an incubator (Vötsch-
Industrietechnik Bio Line model VB 1014, Balingen-Frommern, Germany) at a constant 
temperature of 25 ± 1 °C, 80% relative humidity and a photoperiod of 16:8 h (L:D). 
Population growth was calculated as the rate of increase; Ri = ln(Nf/Ni)/Δt, were Nf is the 
population at a certain time point f, Ni is the initial population and Δt is the time period 
between f and i expressed in days. All observations were made using a stereo microscope 
(Leica MZ6, Leica, Wetzlar, Germany). 
2.3. RT-qPCR 
Each sample consisted of six leaf punches (1 cm diameter) on three randomly chosen 
shoots (ca. 60 mg). From each shoot one leaf punch was taken from a young leaf and from 
an older leaf. In order to overcome variability related to the fact that hormone 
accumulation and gene expression follow circadian rhythms, sampling time was 
standarized for each experiment (e.g. Novakova et al., 2005; Mizuno and Yamashino 2008; 
Goodspeed et al., 2012). Five marker genes for JA biosynthesis were selected; RsLOX, 
RsAOS, RsAOC, RsOPR3 and RsJMT. For monitoring the SA biosynthesis pathway RsICS and 
RsPAL were used. The RsPPO gene was used as a marker gene for measuring the oxidative 
stress-response.  
Leaf RNA was extracted as described in section in section 2.4 of Chapter 6. The 
amount of RNA used was 100 and 160 ng for experiment 1 and 2, respectively. The 
extracted RNA was treated with DNase and cDNA was synthesised according to section 
2.6 of Chapter 6. RT-qPCR analysis was conducted according to the descriptions in section 
2.8 of Chapter 6. GeNorm M-value and coefficient of variation (CV) for reference genes 
RsRG7 and RsRG14 expressing reference gene stability in experiments 1 and 2 are shown 
in Suppl. Table 7.1. Run specific amplification efficiencies are shown in Suppl. Table 7.2 
and Suppl. Table 7.3 for experiment 1 and 2, respectively. 
2.4. Isolation of phytohormones and analysis by means of LC-MS/MS 
For phytohormone analysis whole leaves were harvested. The samples were flash frozen 
in liquid nitrogen immediately after harvest and stored at -80 °C until analysis. The 
amounts of SA, JA and its precursor 12-oxophytodienoic acid (OPDA) were determined 
using LC-MS/MS analysis. 
Phytohormone isolation and analysis was done as described by Bosco et al. (2014). 
In brief, frozen leaf samples were ground with mortar and pestle. From each sample 20 
mg homogenized material was extracted with 2 ml solvent mixture methanol:water:acetic 





standards with a final concentration of 800 ng/ml and 40 ng/ml, respectively. Samples 
were extracted at 4 °C for 16 h on a shaker at 210 rpm. Subsequently samples were 
vortexed and filtrated through a 0.22 µm Millex-GV filter (Millipore, Billerica, MA, USA). 
Extracts were collected in glass tubes and transferred (1 ml) onto Oasis MCX 1 cm³ 
cartridges (Waters, Milford, MA, USA) that were preconditioned with 1 ml pure methanol 
and 1 ml milliQ water. After the samples were loaded, the cartridges were washed with 
0.5 ml milliQ water. The flow through was discarded and the columns were eluted by 
applying 1 ml methanol under vacuum. Samples were evaporated to dryness in a warm 
water bad at a constant temperature of 35 °C under a nitrogen atmosphere. The dried 
residues were re-suspended in 0.5 ml 75% methanol. The final extract was filtrated 
through a 0.22 µm Millex-GV filter (Millipore, Billerica, MA, USA) and transferred to a 
microvial prior to injection (10 µl) into the LC-MS/MS. A serial dilution of pure standards 
of OPDA (0.125-7.5 ng; 8 dilutions) and JA (1-15 ng; 6 dilutions), was run as external 
calibration curve to calculate final concentrations of the samples. The amounts of SA were 
compared relatively based on area internal standard/area analyte. 
Analytical determination of the target compounds was achieved using an Acquity 
UHPLC system coupled to a Xevo TQ-S triple quadrupole MS detector (Waters, Milford, 
MA, USA). Chromatographic separation was achieved using an Acquity UHPLC BEH C18 
column (100 x 2.1 mm, 1.7 µm) (Waters, Milford, MA, USA) at 30 °C. The mobile phase 
consisted of 0.3 % acetic acid in water (A) and 0.3 % acetic acid in acetonitrile (B). The 
flow rate was set at 0.3 ml.min-1. The gradient was as follows: 0 min, 2 % B; 1.0-2.5 min, 
2-40 % B; 2.5-4.0 min, 40-50 % B; 4.0-5.0 min, 50-80 % B; held for 2 min; 7.0-7.1 min, 80-
100 % B; held for 0.9 min; and 8.0-8.01 min 100-2 % B. Total runtime was 10 minutes. 
The mass spectrometer was operated in the ESI negative mode using the multiple reaction 
monitoring (MRM) mode. Desolvation gas was set at 1200 l.h-1 and desolvation and source 
temperature were set at 500 and 120 °C, respectively. The MRM settings in the MS/MS 
function with corresponding cone voltage and collision energy are found in Table 7.1. Data 
were acquired using MassLynx, version 4.1 (Waters, Milford, MA, USA). Calculations were 
done in Microsoft Excel. System sensitivity and reproducibility was checked for a P. latus 
infested and a control sample. 
Table 7.1 ESI-MS/MS conditions with indication of the precursor ion (m/z), cone voltage 
(V), product ions (m/z), collision energy (eV) and chromatographic retention time (min) of 
salicylic acid (SA), 12-oxophytodienoic acid (OPDA), (-)-jasmonic acid (JA), and deuterium-












SA 137.00 40 64.95/92.96 22/14 3.64 
OPDA 291.33 18 165.16/247.23/273.14 20/18/18 5.87 
JA 209.15 25 58.77/165.00 12/17 4.24 
2H4-SA 140.74 35 96.84 17 3.63 




2.5. Statistical analysis 
For each genotype, mite counts and damage rates at different time points were analysed 
by means of a Kruskal–Wallis H test. Means were separated post hoc using Dunn’s test 
(Dunn, 1964) in SPSS (Version 22.0, IBM Corp., Armonk, NY, USA). Broad mite counts were 
log-transformed [ln(x+1)] and square root transformations were applied for damage 
rates before the statistical analyses. Differences in gene expression profiles or 
phytohormone contents of P. latus infested and mock plants were assessed at each time 
point using Mann-Whitney U tests in STATISTICA (Version 12.0, Statsoft Inc., Tulsa, OK, 
USA). Population growth data were statistically analysed with Mann-Whitney U tests 
(each hormone treatment versus mock treatment) using SPSS (Version 22.0, IBM Corp., 







In all experiments amplification of noRT’s was checked. Contamination was considered to 
be negligible when the difference in Cq between noRT and the sample was above 5 cycles. 
In case of contamination, the particular sample was discarded from the data set before 
further calculations. Reference gene stability (Suppl. Table 7.1) and PCR efficiencies 
(Suppl. Table 7.2 and Suppl. Table 7.3) were checked prior to analysis. No problems for 
reference gene stability and PCR efficiency were observed. System sensitivity and 
reproducibility of JA, OPDA and SA measurements was good (Suppl. Table 7.4). 
In experiment 1, gene expression in R. simsii ‘Nordlicht’ was studied upon P. latus 
infestation. Mite numbers increased significantly over time. First P. latus mites were 
counted on samples taken 4 dpi and averaged 1.9 mites per shoot tip (Fig 7.1). At 8 and 
25 dpi on average 10.3 and 14.6 mites per shoot tip were counted, respectively. The first 
damage symptoms became visible at 12 dpi. At the end of the experiment (25 dpi), the 
average damage rate reached 1 on a scale of 0 to 4.  
The corresponding mite-specific induction of JA and SA biosynthesis marker genes 
during a time course of 25 days is shown in Fig 7.2. Jasmonic acid biosynthesis marker 
genes RsAOC and RsJMT were significantly up-regulated starting from 6 dpi. RsLOX was 
only significantly up-regulated at 20 and 25 dpi. RsOPR3 showed to have significantly 
higher transcript levels at 6, 8 and 12 dpi. Transcript levels were not significantly different 
when comparing both treatments for marker gene RsAOS. 
Salicylic acid biosynthesis marker gene RsICS was not significantly induced upon 
P. latus infestation in R. simsii ‘Nordlicht’. In contrast, RsPAL, another marker gene for SA 
biosynthesis, was induced significantly starting from 6 dpi.  
Expression analysis showed a significant up-regulation of RsPPO, a marker gene 
for oxidative stress-response, starting from 6 dpi. To conclude, taking samples from 6 dpi 
on appears to provide relevant information on the induction of our set of marker genes; 










































































Fig 7.1 Average damage rates (line) and number of broad mites, Polyphagotarsonemus 
latus (bars), per shoot tip observed for Rhododendron simsii ‘Nordlicht’ in experiment 1. 
Different letters in lower case (damage rates) and in upper case (broad mite counts) 
indicate significant differences between the time intervals. Data are means ± SE, n = 10. 
 
In experiment 2, gene induction upon P. latus infestation was compared in six R. simsii 
genotypes. At the start of the experiment, no mites were present on all genotypes (Fig 
7.3). During subsequent samplings, P. latus mites were found on each genotype at every 
time point (7, 14 and 21 dpi). Highest counts of P. latus were observed for ‘Nordlicht’ and 
‘Aiko Pink’ (on average > 50 mites). On ‘Michelle Marie’ and ‘Sachsenstern’ the average 
mite number remained constant at 7, 14 and 21 dpi and varied between 12.1-18.6 and 
10.4-13.0 mites, respectively. On ‘Mevrouw Gerard Kint’, mite numbers increased till 25.5 
at 21 dpi. In contrast to these genotypes, very low numbers of P. latus mites were found 
at 7 dpi (1.0 ± 0.7 mites) on ‘Elien’. The mite numbers increased at 14 dpi (21.6 mites), 
but declined again one week later at 21 dpi (17.8 mites). However, no damage symptoms 
were observed on ‘Elien’. In contrast, the five other genotypes showed damage by P. latus 
from 7 dpi on. Damage rates increased over time and the highest damage rates were seen 









Fig 7.2 Gene expression profiles (CNRQ, non-log-transformed) of jasmonic acid marker 
genes: RsLOX, RsAOS, RsAOC, RsOPR3 and RsJMT; salicylic acid marker genes: RsICS and 
RsPAL and oxidative stress response marker gene: RsPPO, in Rhododendron simsii 
‘Nordlicht’ leaves at different time points upon infestation by Polyphagotarsonemus latus 
or mock treatment in experiment 1. Significant differences compared to the respective 
mock treatments: ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001. Data are means 
± SE, n = 8. 
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One week after surrounding R. simsii plants with P. latus infested H. helix plants, JA 
biosynthesis genes RsLOX, RsAOS and RsJMT showed significantly induced fold changes 
(FCs) in all genotypes except for ‘Elien’ (Fig 7.4). Fold changes were calculated from non-
log-transformed data as the proportion of P. latus infestation over basal gene expression. 
RsAOC showed to be significantly up-regulated at 7 dpi in ‘Nordlicht’ and ‘Mevrouw 
Gerard Kint’ and down-regulated in ‘Aiko Pink’. However, at 14 and 21 dpi no significant 
up-regulation in JA biosynthesis marker genes (RsLOX, RsAOS and RsAOC) was observed 
in ‘Mevrouw Gerard Kint’ and ‘Aiko Pink’. RsJMT transcript levels remained up-regulated 
in ‘Nordlicht’ and ‘Aiko Pink’ at 14 and 21 dpi, while this was not the case in the other 
genotypes. In ‘Elien’ RsJMT was significantly up-regulated at 21 dpi, whereas the other 
genotypes were already significantly up-regulated at 7 dpi. The homologue of OPR3 in R. 
simsii, RsOPR3, was not positively induced upon broad mite infestation. A significant down 
regulation was observed in ‘Elien’ (7 dpi), ‘Aiko Pink’ (21 dpi), ‘Sachsenstern’ (14 and 21 
dpi) and ‘Mevrouw Gerard Kint’ (14 dpi). 
Expression profiles showed a significant suppression of RsPAL in most genotypes 
at 14 and/or 21 dpi (Fig 7.5). However, in ‘Nordlicht’ and ‘Aiko Pink’ this gene was 
significantly up-regulated at 7 dpi. The other marker gene for SA biosynthesis, RsICS was 
significantly down-regulated in ‘Elien’, ‘Michelle Marie’, ‘Aiko Pink’ and ‘Mevrouw Gerard 
Kint’ at 7 and/or 14 dpi. On ‘Sachsenstern’ transcript levels were significantly higher in P. 
latus infested samples at 21 dpi.  
The presence of P. latus on ‘Nordlicht’, ‘Aiko Pink’, ‘Sachsenstern’ and ‘Mevrouw 
Gerard Kint’ led to a significant increase of mRNA levels of RsPPO when compared to the 
basal expression levels at 7 dpi (Fig 7.6). In ‘Elien’ and ‘Michelle Marie’ no such effect was 
detected. During subsequent samplings, this gene was induced again at 21 dpi in 
‘Nordlicht’ only.  
To monitor changes in hormone accumulation, SA, OPDA and JA levels in leaves 
were measured in R. simsii ‘Elien’ and ‘Nordlicht’ at 7 dpi.  Polyphagotarsonemus latus did 
not induce the increase of OPDA, the JA precursor, in ‘Nordlicht’ or ‘Elien’ at 7 dpi (Fig 
7.7). The phytohormone JA accumulated significantly in infested ‘Nordlicht’ plants at 7 
dpi. The concentration almost doubled upon infestation in ‘Elien’ but was not significantly 
different compared to the basal expression levels at 7 dpi. In both genotypes the amount 
of free SA significantly increased upon infestation (Table 7.2). The amounts of free SA 
were significantly higher in R. simsii ‘Elien’ and ‘Nordlicht’, by 2 and 56 times, respectively. 
However these significant levels, there is a marked difference between the amounts of 
free SA in ‘Elien’ and ‘Nordlicht’. The amounts of SA were compared relatively based on 
area internal standard/area analyte. No concentrations were calculated as the standard 







Fig 7.3 Average damage rates (line) and number of broad mites, Polyphagotarsonemus 
latus, per shoot tip (bars) observed for Rhododendron simsii (a) ‘Nordlicht’, (b) ‘Elien’, (c) 
‘Michelle Marie’, (d) ‘Aiko Pink’, (e) ‘Sachsenstern’ or (f) ‘Mevrouw Gerard Kint’ in 
experiment 2. Different letters in lower case (damage rates) and in upper case (broad mite 
counts) indicate significant differences between the time intervals. Error bars indicate SE, 
























































































































































































































































































































































































































































































































































Fig 7.4 Fold changes (proportion of treatment over mock) of marker genes for jasmonic 
acid: (a) RsLOX, (b) RsAOS, (c) RsAOC, (d) RsOPR3 and (e) RsJMT in Rhododendron simsii 
‘Nordlicht’, ‘Elien’, ‘Michelle Marie’, ‘Aiko Pink’, ‘Sachsenstern’ or ‘Mevrouw Gerard Kint’ 
leaves at different time points upon infestation by Polyphagotarsonemus latus (experiment 
2). Significant differences compared to the respective mock treatments: ns = not 




























































































































Fig 7.5 Fold changes (proportion of treatment over mock) of marker genes for salicylic acid: 
(a) RsICS and (b) RsPAL, in Rhododendron simsii ‘Nordlicht’, ‘Elien’, ‘Michelle Marie’, ‘Aiko 
Pink’, ‘Sachsenstern’ or ‘Mevrouw Gerard Kint’ leaves at different time points upon 
infestation by Polyphagotarsonemus latus (experiment 2). Significant differences 
compared to the respective mock treatments: ns = not significant; * p < 0.05; ** p < 0.01; *** 






















































































































Table 7.2 The relative difference of salicylic acid content in Rhododendron simsii ‘Nordlicht’ 
and ‘Elien’ leaflets at 7 days post infestation with Polyphagotarsonemus latus or mock 
treatment (experiment 2). Relative differences are calculated after comparing area 
internal standard/area analyte of both treatments (n = 8). 
Genotype Treatment 
Area internal 







‘Nordlicht’ Mock 0.03 
55.7 <0.001 
 P. latus infestation 1.67 
‘Elien’ Mock 0.04 
2.0 <0.001 
 P. latus infestation 0.08 
 
  
Fig 7.6 Fold changes (proportion of treatment over mock) of the marker gene for oxidative 
stress-response: RsPPO, in Rhododendron simsii ‘Nordlicht’, ‘Elien’, ‘Michelle Marie’, ‘Aiko 
Pink’, ‘Sachsenstern’ or ‘Mevrouw Gerard Kint’ leaves at different time points upon 
infestation by Polyphagotarsonemus latus (experiment 2). Significant differences 
compared to the respective mock treatments: ns = not significant; * p < 0.05; ** p < 0.01; 












































































experiment 3, the phytohormone content was determined in R. simsii ‘Nordlicht’ and 
‘Elien’ at four time points upon infestation. On ‘Nordlicht’ mites were observed from 6 dpi 
on while on ‘Elien’ this was at 8 dpi. Average mite numbers on ‘Nordlicht’ increased to 
12.4 ± 4.4, at 11 dpi. At the same time point 1.4 ± 1.2 mites were counted on ‘Elien’. The 
infestation of R. simsii ‘Nordlicht’ had no effect on the amount of JA and its precursor, 
OPDA (Fig 7.8). In contrast, ‘Elien’ had a significantly higher concentration of OPDA at 6 
and 8 dpi. The amount of JA was also significantly higher in P. latus infested plants 
compared to the control at 6 dpi. In ‘Nordlicht’ the amounts of free SA were increased by 
1.6, 10.4, 6.3 and 18.7 times at 4, 6, 8 and 11 dpi, respectively (Table 7.3). But only at 6 
and 11 dpi these differences were statistically significant. In contrast to ‘Nordlicht’, in 
‘Elien’ the amount of free SA remained relatively constant. Over all time points the 
increase of the amount free SA varied between 1-1.6 times upon P. latus infestation and 
























































 Fig 7.7 The amounts of 12-oxophytodienoic acid (OPDA) and jasmonic acid (JA) in 
Rhododendron simsii ‘Nordlicht’ and ‘Elien’ leaflets at 7 days post infestation (dpi) with 
Polyphagotarsonemus latus or mock treatment (experiment 2). The figure shows the 
average (+ SE) amounts of OPDA and JA (n = 8). Significant differences compared to the 






Fig 7.8 The amounts of 12-oxophytodienoic acid (OPDA) and jasmonic acid (JA) in 
Rhododendron simsii (a, c) ‘Nordlicht’ and (b, d) ‘Elien’, mock or Polyphagotarsonemus latus 
infested leaflets during a time course of 11 days in experiment 3. The figure shows the 
average (+ SE) amounts of (a, b) OPDA and (c, d) JA at 4, 6, 8 and 11 days post infestation 
(dpi) or mock treatment (n = 5). Significant differences compared to the respective mock 


















































































Table 7.3 The relative difference of salicylic acid content in Rhododendron simsii ‘Nordlicht’ 
and ‘Elien’ leaflets at 4, 6, 8 and 11 days post infestation (dpi) with Polyphagotarsonemus 
latus or mock treatment (experiment 3). Relative differences are calculated after 
comparing area internal standard/area analyte of both treatments (n = 5). 
 
 
In experiment 4, a bio-assay was used to study the effect of MeJA and SA treatment on P. 
latus population growth. Methyl jasmonate applied at a concentration of 50 or 100 µM 
resulted in a significant reduction of P. latus population growth in ‘Nordlicht’ when 
compared to a mock treatment (Fig 7.9). Application of SA at a concentration of 50 or 100 
















‘Nordlicht’ 4 dpi Mock 0.11 
1.6 0.09 
  P. latus infestation 0.16 
 6 dpi Mock 0.08 
10.4 0.01 
  P. latus infestation 0.83 
 8 dpi Mock 0.10 
6.3 0.09 
  P. latus infestation 0.60 
 11 dpi Mock 0.12 
18.7 0.01 
  P. latus infestation 2.17 
‘Elien’ 4 dpi Mock 0.10 
1.48 0.19 
  P. latus infestation 0.15 
 6 dpi Mock 0.16 
1.21 0.69 
  P. latus infestation 0.19 
 8 dpi Mock 0.15 
0.99 1.00 
  P. latus infestation 0.14 
 11 dpi Mock 0.13 
1.62 0.31 











































Fig 7.9 Average rate of population increase (+ SE) of Polyphagotarsonemus latus on 
Rhododendron simsii ‘Nordlicht’ leaf discs when floated on 50 or 100 µM methyl jasmonate 
(MeJA), 50 or 100 µM salicylic acid (SA) or mock solution for one week in experiment 4. 
Significant differences compared to the mock treatment: ns = not significant; * p < 0.05 and 
** p < 0.01. 
 
4. Discussion 
Gene expression analysis on JA biosynthesis marker genes showed an increase of RsLOX, 
RsAOS, RsAOC and RsJMT transcript levels upon P. latus infestation in R. simsii. Grinberg et 
al. (2005) showed the induction of LOX1 and LOX2 genes in P. latus infested leaves of 
cucumber (Cucumis sativus). In tomato (Solanum lycopersicum), P. latus infestation 
strongly induced the expression of protease inhibitors PI-I and PI-II in a def-1 mutant 
(impaired in JA biosynthesis) and its wild type (Grinberg-Yaari et al., 2015). We were not 
able to clone protease inhibitors from R. simsii. The protease inhibitors are marker genes 
for JA-mediated plant defence and are induced by JA, wounding and herbivory, as was the 
case for the two-spotted spider mite (Li et al., 2004; Ament et al., 2004, 2006; Kant, 2006). 
They cause retardation of insect growth and development. Expression of these protease 
inhibitors in def-1 mutants would not be expected but is in agreement with previous 
reports. The def-1 mutation only delays JA biosynthesis, and partial induction of the 
pathway still occurs (Howe et al., 1996; Ament et al., 2004). Our study showed the 
involvement of RsJMT in all R. simsii genotypes in response to P. latus infestation. 
However, mechanical wounding (Chapter 6) resulted in no significant induction 6 hours 
upon treatment in all of the genotypes. This might suggest that other signals than 
mechanical wounding, presumably the insertion of the mite’s mouth parts, mediate the 
response. Alternatively, the wounding treatment may have been milder than the 
 
 
mechanical damage caused by P. latus mites. This hypothesis was also put forward by 
Grinberg et al. (2005). RsOPR3, expected to be active in the peroxisome, was not involved 
in the defence response upon P. latus infestation. This is in contrast to the observed 
response after MeJA treatment or wounding (chapter 6).  
In accordance to the induction of JA marker genes upon P. latus infestation, the 
amount of JA increased in the mite susceptible genotype ‘Nordlicht’. In ‘Elien’, the amount 
of JA increased significantly upon infestation in experiment 3, but not in experiment 2. We 
suggest that timing of sampling is an essential aspect in the measurement of hormonal 
changes. The infestation rate at the time of sampling also plays a role in the obeserved 
responses. Probably sampling on ‘Elien’ at 7 dpi in experiment 2, was too early since the 
RsLOX gene was significantly up-regulated only at 14 dpi. In other plant species such as 
tomato and Arabidopsis spider mite infestation caused an increase in the amount of JA as 
well (Zhurov et al., 2014; Alba et al., 2015). Agut et al. (2014) found that spider mite attack 
induced strong changes in the JA biosynthesis pathway in the resistant cultivar, sour 
orange (Citrus aurantium), showing higher levels of OPDA and JA. Herbivore-induced 
plant volatiles released from sour orange plants following T. urticae infestation induced 
resistance in susceptible rootstock Cleopatra mandarin (Citrus reshni), thereby inducing 
LOX2 gene expression and increasing OPDA content (Agut et al., 2015). In the present 
study a significant increase of OPDA was observed at 6 and 8 dpi in the mite resistant 
genotype ‘Elien’ (experiment 3). We hypothesize again that timing of sampling was not 
optimal to detect significant differences of the OPDA metabolite in ‘Elien’ in experiment 
2. Correspondingly, phytohormone analysis of JA precursor OPDA in the mite susceptible 
genotype ‘Nordlicht’ showed no different metabolite concentration upon infestation. This 
might explain why the RsOPR3 gene, which plays a role in the conversion of OPDA, was 
not induced by P. latus infestation. Spider mite infestation on A. thaliana ecotypes Bla-2, 
Col-O and Kon had no effect on OPDA concentration (Zhurov et al., 2014). Significantly 
higher amounts of OPDA were found in tomato at 7 dpi by spider mite strains DeLier-1 
(Tetranychus urticae) and Santpoort-2 (T. urticae), a putative suppressor and a non-
suppressor strain of plant defence, respectively. Two putative suppressor strains of T. 
evansi, Viçosa-1 and Algarrobo-1 had no effect on OPDA concentration in tomato (Alba et 
al., 2015). The amounts of OPDA and JA in R. simsii are somewhat higher when compared 
to tomato (Alba et al., 2015). The concentration of JA in R. simsii is approximately the same 
as in A. thaliana ecotypes Bla-2 and Kon. Hormone levels of JA are higher in ecotype Col-
0 when compared to R. simsii (Zhurov et al., 2014). In rose, another ornamental plant the 
concentration of JA in leaves was somewhat higher when compared to R. simsii and 
averaged 170 ng/g fresh weight (Bosco et al., 2014). Besides timing of sampling, another 
explantion for hormonal differences between experiments 2 and 3 might be found in the 
infestation pressure. The infestation pressure was much higher on both ‘Nordlicht’ and 
‘Elien’ during experiment 2, e.g. on ‘Nordlicht’ mite numbers were 2 to 3 times higher in 
experiment 2 compared to experiment 3. 
Polyphagotarsonemus latus infestation activates JA-dependent pathways in R. simsii 





that the SA biosynthesis pathway led by either RsPAL or RsICS was suppressed in response 
to P. latus infestation in R. simsii. Remarkably, the amount of free SA increased upon 
infestation in the mite susceptible genotype ‘Nordlicht’. The content of free SA was only 
slightly higher in the mite resistant genotype ‘Elien’ upon mite infestation. It might be that 
P. latus suppresses SA marker genes to manipulate plant defences. This phenomenon is 
well known from plant pathogens (e.g. Abramovitch et al., 2006; Kamoun, 2006; De Jonge 
et al., 2011) and nematodes (Haegeman et al., 2012). But also some strains of the spider 
mites Tetranychus urticae and Tetranychus evansi were found to suppress expression of 
JA and/or SA marker genes (Kant et al., 2008; Sarmento et al., 2011b; Alba et al., 2015). 
Alternatively, SA suppression could be the effect of an antagonistic crosstalk through a 
strong JA induction (Pieterse et al., 2012).  
Grinberg et al. (2005) found transcripts of BGL2, encoding a PR protein (PR2, basic 
β-1,3-glucanase), to be expressed in cucumber upon infestation by P. latus. This protein is 
generally accepted to be a marker gene for the SA pathway. For other arthropods, a 
simultaneous induction of several pathways is reported. Moran and Thopmson (2001) 
found higher transcript levels of JA and SA marker genes upon aphid (Myzus persicae) 
infestation in A. thaliana. In tomato, a role for both JA and SA biosynthetic pathways 
regulating response to two spotted spider mite was implicated (Ament et al., 2004, 2006; 
Li et al., 2004). This is also the case in citrus (Agut et al., 2014). Gene expression analysis 
upon spider mite infestation showed the involvement of genes related to JA, SA and 
ethylene in tomato (Kant et al., 2004). An explanation for the simultaneous induction of 
JA and SA responses upon infestation is given by Alba et al. (2015). First, responses might 
appear heterogeneous in space. By harvesting samples from different leaves JA and/or SA 
responses are mixed. Alternatively it might be that simultaneous JA and SA responses 
actually do antagonize each other and what is observed are intermediate responses.  
From the findings in the present study it is clear that MeJA had a negative effect on the 
fitness of P. latus in R. simsii ‘Nordlicht’ when compared to a mock treatment (experiment 
4). This agrees with reports that spider mite proliferation was decreased by MeJA 
application (Omer et al., 2001; Warabieda et al., 2005; Rohwer and Erwin, 2010; 
Warabieda and Olszak, 2012; Agut et al., 2014). Grinberg-Yaari et al. (2015) demonstrated 
that free-moving mites significantly preferred tomato def-1 mutant over its wild type, 
‘Castlemart’. Phoretic mites were able to discriminate between isogenic varieties that 
differed in JA-mediated defence. This was concluded from higher detachment percentages 
on def-1 mutants compared to ‘Castlemart’. The application of JA on def-1 mutants reduced 
the detachment rate to a level comparable to that of the wild type and thus restored the 
defence response in def-1 plants. Furthermore, the number of progeny per female was 
significantly higher on def-1 mutants. Pre-treatment of def-1 mutant plants with JA 
significantly affected progeny development on those plants, which was similar to that on 
‘Castlemart’ plants (Grinberg-Yaari et al., 2015). The exogenous application of MeJA had 
about the same effect on the spider mite T. urticae infesting tomato (Li et al., 2002). In our 
study, the effect on the population increase of P. latus likely depended on the 
concentration applied as the rate of population increase was reduced by 3.2 and 2.3 times 
 
 
for 0.05 and 0.1 mM MeJA, respectively. These results suggest that the defence response 
in R. simsii mediated by JA may be suboptimal at a concentration of 0.1 mM as compared 
to the 0.05 mM concentration. A similar effect was reported before by Choh et al. (2004), 
who showed that the number of eggs produced by T. urticae after JA application on lima 
beans (Phaseolus lunatus) differed as a function of the concentration applied. Unlike MeJA, 
the application of SA to leaf disks of ‘Nordlicht’ resulted in no significantly different rate 
of population increase. There was only a small tendency of reduction when comparing the 
0.05 mM SA to the mock treatment. These results are comparable to those of an SA 
treatment in Cleopatra mandarin and sour orange. Salicylic acid had no effect on the 
oviposition of T. urticae, whereas MeJA treatment only significantly reduced the number 
of eggs produced by the spider mite in the T. urticae-sensitive Cleopatra mandarin when 
compared to a control treatment (Agut et al., 2014). When working with leaf discs 
mechanical damage might induce defence responses in the plant that interfere with mite 
proliferation. However, no adverse effects on the rate of population increase of the mite 
were observed in the mock treatment. Furthermore, leaf discs of all treatments (mock, SA 
and MeJA) were exposed to the same mechanical damage. Thus, we believe that any effect 
of mechanical damage caused from preparing the leaf discs can be dismissed. Our study 
on R. simsii provides further evidence for a role of JA in induced plant defence responses 
upon P. latus infestation. 
Browning of the youngest leaves, the first symptoms of P. latus infestation observed on R. 
simsii, might be linked to enhanced transcript levels of RsPPO. This enzyme is involved in 
the production of o-quinones and o-diphenols (Steffens et al., 1994). It is responsible for 
the typical browning of plant extracts and damaged tissues caused by spontaneous 
polymerization and crosslinking of the o-quinones (Constabel et al., 2000). Furthermore, 
a role of foliar PPO in the defence against leaf-eating insects has been proposed and 
documented (Felton et al., 1989; Duffey and Felton, 1991). Polyphagotarsonemus latus 
infestation caused no visible symptoms and thus no browning on leaves of ‘Elien’ during 
experiment 2. Concordantly, gene expression analysis showed no increase of RsPPO 
transcripts. In contrast, damage rates differing from zero were assigned to all other 
genotypes. Likewise, RsPPO was induced in these genotypes except for ‘Michelle Marie’. 
This provides evidence for the involvement of an oxidative stress response upon 
infestation by P. latus in susceptible R. simsii genotypes. In tomato it was proposed that P. 
latus infestation might activate an oxidative stress response (Grinberg et al., 2005). 
Polyphenol oxidases were induced in tomato leaves by different spider mite strains (Alba 
et al., 2015). 
In conclusion, we demonstrated that in R. simsii genotypes JA responses were induced 
upon infestation, most strongly at the earlier time points (5-12 dpi) and that MeJA has a 
negative effect on the fitness of P. latus. Gene expression analysis also showed the 
suppression of SA biosynthesis at later time points. Further studies are needed to unravel 
the effects of both pathways on the fitness of P. latus and to deepen our understanding of 





Conclusion, general discussion and further 
prespectives 
In our research several key aspects of the bio-ecology of the broad mite 
Polyphagotarsonemus latus and its interactions with Rhododendron simsii were 
investigated. Thermal thresholds and the thermal constant for development were 
estimated for this pest. Detailed knowledge on the cold hardiness of P. latus was presented 
for the first time. The susceptibility for P. latus infestation of 30 R. simsii accessions was 
characterized. Trichomes producing sticky exudates were observed on the mite resistant 
genotypes. We provided molecular knowledge for an ornamental crop of local 
importance, R. simsii, on its plant-herbivore interactions with a focus on the broad mite P. 
latus. The phytohormone jasmonic acid (JA) was induced in R. simsii upon the infestation 
by P. latus. The levels of salicylic acid (SA) were significantly higher upon infestation with 
P. latus in the mite susceptible genotype ‘Nordlicht’ but not in the mite resistant genotype 
‘Elien’. The generated knowledge of this work may be useful for the development of an 
Integrated Pest Management (IPM) strategy against P. latus. It entails the manipulation of 
plant-herbivore interactions with the goal of regulating populations of the herbivore at 
levels below those at which economic losses occur (Stout and Davies, 2009). According to 
the literature, eight general principles for IPM can be identified (Malavolta et al., 2005; 
Joas and Cotillon, 2009). In our research we contributed directly or indirectly to five of 
these principles, i.e. “measures for prevention and/or suppression of harmful organisms”, 
“tools for monitoring”, “threshold values as a basis for decision-making”, “preference for 
non-chemical control methods”, and “application of pesticide anti-resistance strategies” 
Temperatures and Polyphagotarsonemus latus 
Temperature conditions for the production of R. simsii depend on the growth phase of the 
plant. Vegetative cuttings are rooted under a plastic cover for 8-10 weeks at high relative 
humidity and a temperature of 23-25 °C. During the vegetative growth phase plants are 
grown either outside on a container field or in a greenhouse. Besides protecting the plants 
from freezing, the temperature is not controlled in this phase. At the end of the production 
process flowering is induced by breaking the bud dormancy with a cold period at 
temperatures generally between 2.5 and 9 °C. Finally, plants are forced to flower in heated 
greenhouses (20-21°C). 
Being an ectothermic organism, the development of P. latus is temperature-
dependent. Thermal development thresholds and thermal constants were estimated for 
each life stage of P. latus. The lower and upper development thresholds of adult mites 
were estimated to be around 10 and 36 °C, respectively. Development of the different life 
stages of the pest in the greenhouse or outside on container fields is thus determined by 
 
  
environmental temperatures. These temperatures can easily be monitored. Calculations 
on the long-term average temperature data for Merelbeke (Belgium) (51°0’0”N/3°45’0”E) 
indicate that during warmer months (April-September) 14.7 theoretical generations 
could be expected. Peak populations of the pest are expected in mid-summer since for July 
and August each month 3.7 successive generations are expected to develop. Given the fact 
that these are theoretical calculations based on average temperatures and a model 
estimated thermal constant of P. latus, additional fundamental knowledge (e.g. on the role 
of relative humidity) may facilitate the construction of process-based models of P. latus 
development and phenology in ornamental plant production and the development of 
early warning systems. A warning system using temperature as the main predictor may 
assist growers in controlling the pest. The system might provide essential information for 
timing the scouting. Scouting reports help growers to keep the mite populations below 
economically damaging thresholds by choosing an appropriate management technique 
(e.g. the use of biological control agents, spray application of a selective pesticide). 
Validation of these warning systems is essential. To optimize any system it should be 
compared with field observations over multiple years. Validation of the warning system 
for the Phomopsis viticola disease in grape (Vitis spp.) confirmed that it can provide a 
similar degree of control as calendar-based fungicide applications but the former resulted 
in less sprays (Nita et al., 2006). An excessive number of applications needlessly increases 
growers costs and is detrimental for the environment. Cost saving can be seen in terms of 
reduced pesticide applications, as well as labour and equipment costs. Even without cost 
saving a warning system might provide essential information to define critical periods in 
plant production.  
Tarsonemid mites are generally believed to overwinter in the adult stage (e.g. 
Smith and Goldsmith, 1936; Wiesmann, 1941; Jeppson et al., 1975; Denmark, 1998). We 
were the first to provide detailed information on the cold hardiness of a tarsonemid mite. 
Survival of adult P. latus mites was dependent on the temperature and the duration of the 
cold exposure period i.e. median lethal times were 61.2 hours and 9.3 days at -3 and 2 °C, 
respectively. In addition, it was shown that survival of immature life stages such as eggs 
and larvae significantly decreased upon an increased cold exposure period at 7 °C. Adult 
females were more robust, suffering limited detrimental effects on the survival capacity 
from a 7 °C cold exposure up to 6 weeks. Practical trials at the PCS Ornamental Plant 
Research (personal communication) confirmed our findings, showing that mites were 
able to survive a cold storage period on R. simsii but survival depended on the 
temperature and the duration of the cold exposure. Mite populations were significantly 
decreased by 71, 83 and 90% upon cold storage of complete plants at 3 °C for 2, 3 or 4 
weeks, respectively. Cold treatments of 2 to 3 weeks led to an increase of the population 
two weeks after being returned to optimal conditions for mite development. This 
indicated that mites still were able to oviposit after a prolonged cold exposure. But two 
weeks after returning the infested plants from a 4-week cold treatment to the greenhouse, 
the initial mite population was reduced by 93% (PCS Ornamental Plant Research, 
personal communication). Here a serious effect on the oviposition rate is assumed, which 





Besides the essential biological knowledge provided in our study, directly 
applicable information for R. simsii growers was obtained. Cold storage or dormancy 
breaking of R. simsii plants at temperatures in the range of 2-3 °C has the advantage to kill 
the mites or at least significantly reduce the oviposition rate of surviving P. latus mites. In 
that way risks on damaged flowers and consequent economic losses for the growers are 
reduced when plants are placed in heated greenhouses to force flowering after a cold 
period in the fridge. 
Today, augmentation biological control is applied on a commercial scale in 
relatively few agricultural systems (van Lenteren, 2012). Timing of releases is often 
critical for successful biological control. Our data help to identify optimal periods for 
augmentative releases of beneficials to control P. latus. The pest is proven to be a prey for 
a number of commercially available phytoseiid mites, including Amblyseius swirskii (van 
Maanen et al., 2010; Onzo et al., 2012: Abou-Awad et al., 2014), A. largoensis (Rodríguez 
et al., 2011), Neoseiulus cucumeris (Li et al., 2003; Weintraub et al., 2003), N. californicus 
(Peña and Osborne, 1996; Jovicich et al., 2008), and N. barkeri (Fan and Petit, 1994). 
Besides predatory mites, entomopathogenic fungi controlling the pest were reported 
(Cabrera et al., 1987; Nugroho and Ibrahim, 2004; Maketon et al., 2008; Mikunthan and 
Manjunatha, 2010; Alves et al., 2010). We suggest it would not be necessary to 
continuously re-release augmentative biological control agents or to provide 
supplemental foods supporting the predators throughout the complete R. simsii 
production cycle. When temperatures during production are above 10 °C the use of 
predatory mites can be useful. First, we showed that temperatures above this lower 
developmental threshold of P. latus result in development of the pest. At lower 
temperatures the population increase of the pest is impeded as the mites do not oviposit. 
Second, most of the predators of P. latus originate from the same geographic region and 
they consequently have similar developmental thresholds. Therefore it is better to release 
new predatory mites on R. simsii plants during the warmer phases of plant production 
that follow after a cold period. The predatory mites are mostly not active at colder 
temperatures. A cold exposure of the predatory mites might hamper the control of P. latus 
when plants containing these mites are returned at optimal temperatures for 
development (e.g. reduced survival or lowered oviposition rate of the predatory mites). 
The latter is, however, not always the case: Ghazy et al. (2012) concluded from laboratory 
experiments that the population growth of N. californicus was not affected after more than 
20 days at 10 °C and 0.1 kPa (ca. 92% RH). By selecting optimal periods for the 
augmentative release of beneficials we tackle one of the main reasons for the relatively 
low adoption of this pest management strategy (van Lenteren, 2012); augmentative 
releases are usually more expensive to growers than chemical pesticides (Collier and Van 
Steenwyck, 2004).  
In further research it would be necessary to focus on life table parameters such as 
the intrinsic rate of increase (rm). The rm is defined as the rate of increase per head under 
specified physical conditions, in an unlimited environment where the effects of increasing 
density do not need to be considered (Birch, 1948). Although values for this parameter 
have been estimated in different crops for P. latus, they might not reflect the populations 
 
  
growth rates in R. simsii. Indeed, between Capsicum annuum, Citrus aurantifolia and Vitis 
vinifera corresponding life table parameters markedly differed at similar temperatures 
(Hugon, 1983; Silva et al., 1998; Ferreira et al., 2006). Obtaining values for this parameter 
on R. simsii genotypes that respond in a different way on the presence of P. latus optimize 
the development of prediction models. Furthermore it might be warranted to determine 
the economic thresholds for P. latus on pot azalea. This may, however, be a challenge as 
on ornamental plants no cosmetic damage is accepted by the consumer and consequently 
threshold limits would likely be close to zero. 
 
Plant traits for the management of Polyphagotarsonemus latus 
Different types of plant responses were observed in R. simsii after infestation by P. latus. 
The majority of the screened genotypes showed severe damage symptoms upon P. latus 
infestation. The mite caused browning and curling of the youngest growth tips at an early 
stage. Subsequently, older leaves and flowers were attacked by the pest resulting in 
severe economic damage to the ornamental plant. Rhododendron simsii genotypes ‘Elien’ 
and ‘Mistral’ were most resistant to the pest. These resistant characteristics were 
confirmed throughout multiple experiments in this thesis. Host plant resistance to P. latus 
was discovered in many non-ornamental crops such as Capsicum annuum (Ahmed et al., 
2001; Desai et al., 2006; Desai et al., 2007; Kulkarni et al., 2011), potato species Solanum 
polyadenium, S. tarijense and S. berthaultii (Gibson and Valencia, 1978), eggplant (Solanum 
melongena) (Lianyou et al., 1999), watermelon (Cirtullus lanatus var. lanatus) (Kousik et 
al., 2007) and jute (Corchorus spp.) (Jana et al., 2007). Several chemical constituent have 
been found to have a negative or positive correlation with mite numbers (Ahmed et al., 
2000; Qing et al., 2010).  
 Our research showed the presence of trichomes with a sticky end on mite resistant 
genotypes ‘Mistral’ and ‘Elien’. The results suggest that defence against P. latus  might be 
regulated via antixenosis in R. simsii.  Crop resistance to the pest was found in S. 
polyadenium and in seedlings of S. tarijense and S. berthaultii, which also had foliar hairs 
with a sticky tip (Gibson and Valencia, 1978). Trichomes can contribute to plant defence 
in different ways. Non-glandular trichomes can physically obstruct the movement of 
herbivorous arthropods over the plant surface or prevent herbivores to reach the surface 
with their mouthparts (Cardoso, 2008; Pott et al., 2012). Moreover, arthropods may 
become entrapped in sticky and/or toxic exudates produced by glandular trichomes (Glas 
et al., 2012). The entrapped herbivores usually die as a result of starvation or of ingested 
toxins (Simmons et al., 2004). Trichomes acted as a limiting trait for the development of 
P. latus, especially when foliar hairs are present in high densities as was seen in Capsicum 
(Thungrabeab and Boonlertnirun, 2002; Matos et al., 2009). As reviewed by Glas et al. 
(2012) it would be possible to develop a strong grip on the protection of crops against 
herbivores via breeding for/or genetic engineering of trichomes. They can be seen easily 
with a binocular and therefore trichomes are an excellent characteristic for breeding. 
They allow a fast selection of the desired plant traits after crossing since they are already 





plants might reveal more mite resistant genotypes usable for breeding. In ornamentals a 
disadvantage of trichomes is that they produce sticky exudates, an unwanted 
characteristic by the market. This makes it less attractive to breed plants with high 
densities of glandular trichomes. In other crops such as tomato or peppers this strategy 
would be helpful for controlling P. latus. However, here the incompatibility of such 
physical plant resistance traits with other IPM tactics such as augmentative biological 
control should be taken in account. 
In future research metabolite profiling analyses would definitely provide more 
insights into factors causing enhanced resistance and/or susceptibility for P. latus. 
Comparing the metabolite profiles of susceptible and resistant genotypes after feeding by 
P. latus is one way to identify causal factors. Botanga et al. (2012) demonstrated via 
metabolite profiling that ascorbate is an important component of resistance to the 
pathogenic ascomycete Alternaria brassicola in Arabidopsis thaliana. Metabolite profiling 
in maize (Zea mays) provided insights in the interactions between the plant and the 
generalist herbivore Spodoptera littoralis (Marti et al., 2014). Alternatively, metabolite 
profiling of the pest organism after feeding on susceptible and resistant plants also helps 
revealing plant-pest interactions. This was done for the foxglove aphid (Aulacorthum 
solani) feeding on soybean (Glycine max) (Sato et al., 2014). In our study we used RNAseq 
experiments to reveal transcriptomic differences between a mite infested susceptible and 
mite resistant R. simsii genotype and their respective uninfested controls. 
Molecular insights in the interaction between Polyphagotarsonemus latus and 
Rhododendron simsii 
We assembled the first transcriptome of R. simsii that contained ca. 15k orthologs from 
unique Arabidopsis thaliana genes. This is about half of the genes described in the model 
plant A. thaliana. Transcriptomic differences were obtained from a preliminary RNAseq 
experiment comparing P. latus infestation in R. simsii ‘Elien’ and ‘Nordlicht’ to their 
respective uninfested controls. Gene onthology (GO) enrichment showed an 
overrepresentation of JA induced biological processes upon infestation by P. latus. Our 
results are in accordance with Grinberg et al. (2005) and Grinberg-Yaari et al. (2015) who 
showed a role for jasmonic acid signalling in defence against this pest in cucumber and 
tomato. 
 Next-generation RNA-sequencing provided, besides essential insights into the 
regulation of plant defence, molecular sequence data in a minor crop, R. simsii. As we 
lacked biological replicates in RNAseq experiments these data needed to be confirmed. 
The role of phytohormone pathways of JA and SA upon P. latus infestation was assessed 
after gene expression analysis and phytohormone measurements. To guarantee accurate 
quantification of gene expression in R. simsii we followed the protocol by De Keyser et al. 
(2013) assuring correct handling according to the MIQE-guidelines (Bustin et al., 2009). 
RNA extraction from recalcitrant plant tissues has led to the development of multiple 
CTAB-based extraction methods in woody ornamentals (e.g. Zeng and Yang, 2002; Liao et 
al., 2004; Gambino et al., 2008; Ghangal et al., 2009; Rubio-Piña and Zapata-Pérez, 2011; 
Morante-Carriel et al., 2014), therefore we optimized a CTAB extraction protocol of RNA 
 
  
from leaves of R. simsii. Quality control measures and selection of multiple stable 
expressed reference genes was included as recommended by Vandesompele et al. (2002) 
and Hellemans et al. (2007). 
Since we worked in a non-model plant, homologous genes described in literature 
had to be cloned and their function needed to be validated. Methyl jasmonate (MeJA) 
application and wounding of leaves was used to assess the role of putative marker genes. 
Foliar application of MeJA resulted in a significant up-regulation of JA biosynthesis marker 
genes RsLOX, RsAOS, RsAOC, RsOPR3 and RsJMT. Our results were in accordance with 
findings in other plant species, mostly model the plant Arabidopsis thaliana (Sasaki et al., 
2001; Jung et al., 2007). Wounding of leaves resulted in generally the same response when 
compared to the external application of MeJA. However, no significant induction of the JA 
biosynthesis marker gene RsJMT was measured. Gene expression analysis of marker 
genes for the opposing defence pathway regulated by SA showed a significant induction 
of the phenylalanine ammonia-lyase pathway (RsPAL) but not the isochorismate pathway 
(RsICS). The oxidative stress-tolerance gene, RsPPO, had the highest fold changes upon 
wounding or MeJA treatment in R. simsii ‘Elien’. However, basal expression levels for 
RsPPO were very lown in ‘Elien’ compared to the other genotypes. 
Our results provide insights into the molecular mechanisms behind the interaction 
between P. latus and R. simsii. Transcript levels of JA biosynthesis marker genes RsLOX, 
RsAOS, RsAOC and RsJMT were significantly induced upon P. latus infestation in R. simsii. 
This was in agreement with Grinberg et al. (2005) and Grinberg-Yaari et al. (2015) who 
showed LOX1 and LOX2 genes were induced in cucumber while other JA-related marker 
genes were induced in tomato. In accordance with gene expression, the amount of 
jasmonic acid increased upon infestation. As in ‘Nordlicht’ no significant changes were 
measured for OPDA concentration, this might explain why the RsOPR3 gene, which plays 
a role in the conversion of OPDA, was not induced upon infestation. The expression of SA 
marker genes upon infestation was not clear but the amounts of free SA increased 
significantly in the mite susceptible genotype ‘Nordlicht’ while this was not the case in the 
mite resistant genotype ‘Elien’. It was shown that MeJA application significantly decreased 
the population growth of P. latus on R. simsii ‘Nordlicht’. This suggests an antibiosis 
defence mechanism against P. latus in R. simsii. Salicylic acid had no significant effect on 
the rate of population increase. As there was no direct effect on P. latus, SA still might be 
involved in indirect plant defence. In literature it is shown that SA might be involved in 
herbivore induced plant volatiles  that produce a repellent for arthropods (Dicke, 1986; 
Bernasconi et al., 1998) whereas other studies have demonstrated the opposite effect 
(Bolter et al., 1997; Pallini et al., 1997;Halitschke et al., 2008). The application of JA or 
MeJA successfully reduced T. urticae proliferation on different plant species (Omer et al., 
2001; Li et al., 2002; Choy et al., 2004; Warabieda et al., 2005; Rhower and Erwin, 2010; 
Warabieda and Olszak, 2012; Agut et al., 2014). In Fig 8.1 a schematic drawing is given of 
the effect of P. latus infestation on biosynthesis genes in the JA and SA pathway in R. simsii. 
The RsPPO gene was significantly induced in the mite susceptible R. simsii genotypes. This 
gene is responsible for the typical browning of plant extracts and damaged tissues caused 





The first symptoms of P. latus infestation observed on susceptible R. simsii genotypes can 
be explained after this gene. In tomato it was proposed that P. latus infestation might 
activate an oxidative stress response (Grinberg et al., 2005). Polyphenol oxidases were 
induced in tomato leaves by different spider mite strains (Alba et al., 2015).  
 
Further research is needed to unravel the exact role of the JA and SA defence pathway 
upon P. latus infestation and to study the antibiosis defence mechanism. It would be 
interesting to compare the responses of P. latus feeding on ‘Elien’ upon MeJA or SA 
treatment. When the plant defence response is fully understood in the laboratory, 
evaluating these effects in field trials is a next step. For instance, thrips and aphid 
populations were reduced in field plots of tomatoes treated with JA (Thaler et al., 2001). 
When studying the defence responses upon application of elicitors, attention should also 
be given to possible undesired effects of their application on non-target organisms and on 
plant physiology and morphological responses. Morphological responses are observed in 
flowering, including anther development and dehiscence, female organ development, 
chemical defence production, colour production, and the attraction of pollinators 
(Wasternack, 2006). Jasmonates (JA) have also been shown to enhance leaf senescence in 
barley (Herrmann et al., 1992) and flower senescence in petunia and dendrobium (Porat 
et al., 1993). In contrast, in grapevines JA application did not induce senescence (Omer et 
al., 2000). Constitutive or chemical defences may be inducible in plants. Inducible 
chemical defences include a wide variety of compounds that are toxic, anti-nutritive, or 
injurious to attacking organisms, including alkaloids, phenolic compounds, chitinases, 
and protease inhibitors (Rohwer and Erwin, 2008). A well-known structural defence 
induced by JA application is the increase in trichome number and density (Traw and 
Bergelson, 2003; Boughton et al., 2005). Some researchers have noted undesirable effects 
on non-target organisms, including predatory or parasitic arthropods, following JA-
induced plant defences (Rohwer and Erwin, 2008). Malone and Burgess (2000) proposed 
the accumulation of toxic compounds in the herbivorous prey or host as a mechanism for 
these effects. 
The platform to measure transcript level changes in R. simsii upon P. latus infestation, can 
be useful to study the molecular interactions of other pests and diseases occurring on this 
ornamental plant. The main two fungal diseases during R. simsii production are 
Phytophthora citricola and Cylindrocladium spp. (Backhaus, 1994a, 1994b). Among the 
pests occurring on R. simsii, thrips and aphids cause serious damage to leaves and flowers. 
In future research it would also be interesting to transfer the insights on P. latus 
infestation to other crops, thus unveiling the defence mechanisms in these crops. 
Measuring the effect on gene expression using the developed tools in R. simsii can be an 
advantage to screen for the mode of application of new or existing elicitors that induce 
plant defence upon attack by a pest or a disease. This molecular tool can be useful in the 
screening for genetic variation in crops in terms of gene expression or the accumulation 



















Fig 8.1 Schematic drawing of the effect of Polyhagotarsonemus latus infestation on 
biosynthesis genes in the jasmonic acid (JA) and salicylic acid (SA) pathway in 
Rhododendron simsii. The effect of wounding and methyl jasmonate (MeJA) or coronatine 
(COR) 6 hours after treatment is also shown. At early time points after infestation, 5-12 
days post infestation (dpi), JA biosynthesis genes are induced while no induction is 
oberserved for SA related biosynthesis genes. At later time points after infestation (over 
12 dpi), JA biosynthesis genes are not induced but SA biosynthesis genes a suppressed. 
Arrows showing upwards indicate gene upregulation. Arrows showing downwards 
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The broad mite Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae) is an 
economically important pest in greenhouses and field crops worldwide. In Belgium it is a 
key pest in pot azalea production (Rhododendron simsii Planch hybrids). Damage 
symptoms are seen as malformation of the youngest growth tips and flowers, and down-
curling of leaves. Limited availability of chemicals and recent restrictions on the use of 
broad spectrum chemicals necessitate the use of Integrated Pest Management (IPM) 
strategies to control this pest. This comprises a multidisciplinary approach to lower risks 
of infestation or to reduce the pest population levels in the crop. Measures include the 
breeding and growing of tolerant or resistant genotypes. When the pest is reported in the 
crop it is recommended to combine different strategies which might include chemical but 
also biological measures. Nowadays, different phytoseiid mites feeding on P. latus, such 
as Amblyseius swirskii, are commercially available. An alternative approach to control mite 
pests might involve inducing plant defences to reduce mite vigour and/or mite preference 
for a crop. The availability of basic biological information on the pest could considerably 
improve the efficacy of several of these control measures, which should result in a better 
control of P. latus in ornamental crops like R. simsii.  
The overall objective of this study was to provide a better understanding of the 
bio-ecology of the broad mite P. latus as one of the most important pests in R. simsii hybrid 
production in Belgium, and to investigate the role of defence responses in this ornamental 
plant against the pest.  
In Chapter 3, the effect of temperature on the development of P. latus on R. simsii 
leaves was studied. In combination with a photoperiod of 16:8 h (L:D) and a relative 
humidity of 80 ± 5%, six constant temperatures (15, 17, 20, 25, 30 and 33 ± 1 °C), were 
studied. Total development times of 13.3, 10.5, 6.6, 4.2, 3.5 and 4.0 days were measured 
at the respective temperatures. Development of females took significantly longer than 
that of males at 15, 17, 20 and 30 °C. Survival rates observed between 17 and 30 °C varied 
between 43.5 and 96.9%. Lower survival rates were found at 15 and 33 °C, i.e. 31.8 and 
23.6%, respectively. The lower, optimal and upper developmental threshold (tmin, topt and 
tmax, respectively) and thermal constant (K) of the pest were estimated for each life stage 
by a linear and two non-linear models. Based on measurements of total development of 
P. latus thermal thresholds of 10.0, 30.1 and 36.0 °C were calculated for tmin, topt and tmax, 
respectively. The number of degree-days needed to complete immature development 
when feeding on R. simsii was 66.7. 
The exposure of R. simsii plants to temperatures generally between 2.5 and 9 °C is 
necessary to release flowers from their dormant state as unfulfilled chilling requirements 
lead to erratic bud break and lower quality. The optimum temperature for dormancy 
breaking in R. simsii is 7 °C. In Chapter 4, survival of eggs, larvae, and female adults and 
reproduction capacity of female P. latus were evaluated following cold exposure at 7 °C. 
Adult females were also exposed to temperatures of 2 and -3 °C. Further, the supercooling 
point and lower lethal times of adult females were determined. No eggs survived exposure 
 
  
to 7 °C for 17 or more days. Larval survival upon the cold treatment decreased from 53 to 
13% when exposed to 7 °C for 14 and 49 days, respectively. Two-day-old adult females 
exposed to 7 °C for up to 42 days did not suffer significant mortality, but when returned 
to 25 °C their oviposition rates were lower than those of mites maintained at 25 °C. Less 
than 40% of females exposed for 13 days to 2 °C survived; only 20% of these females was 
able to reproduce upon recovery. Subzero temperatures dramatically decreased survival 
and reproduction capacity of adult females. The supercooling point of adult females was 
-16.5 °C. Median lethal times averaged 61.2 h and 9.3 days at -3 and 2 °C, respectively. A 
long term exposure (up to 6 weeks) of R. simsii plants infested with P. latus to a 
temperature of 7 °C, which is required for breaking dormancy of the flowers, is not 
expected to have detrimental effects on the survival and reproductive performance of the 
female mites.  
In Chapter 5, a selection of 32 Rhododendron cultivars, mainly R. simsii hybrids, 
were evaluated for their susceptibility to P. latus. The plants were artificially infested in a 
greenhouse by surrounding each azalea with four P. latus infested English ivy plants 
(Hedera helix). Infestation by P. latus was evaluated by counting the number of mites per 
shoot tip and assigning a damage rate. A comparable infestation rate was found, this was 
expressed by the number of mites on all cultivars at the initial stage of the experiments. 
Correlations between the average damage rate and the number of mites per shoot tip on 
all cultivars at different time intervals were significantly positive, although low, in each 
experiment, with R²-values varying between 0.14 and 0.61. At the end of the experiments 
significant differences in susceptibility between the evaluated cultivars were observed. 
The cultivars, ‘Emil De Coninck’ and ‘Mont Blanc’ were rated as the most susceptible, 
whereas ‘Mistral’ and its budsport ‘Elien’ were resistant towards P. latus, as damage rates 
were low and very few broad mites were found on these plants. Six genotypes with a 
different susceptibility for P. latus were studied in detail: ‘Nordlicht’, ‘Elien’, ‘Aiko Pink’, 
Michelle Marie’, ‘Mevrouw Gerard Kint’ and ‘Sachsenstern’. Of these six genotypes ‘Elien’ 
had glandular trichomes with a sticky end as observed with scanning electron 
microscopy. On ‘Mistral’ this type of trichomes also was found. Therefore it might be 
suggested that this type of trichomes contributes to the resistant characteristics of ‘Elien’ 
and ‘Mistral’. 
In the next two chapters the effect of induced responses in R. simsii upon P. latus 
infestation was studied. In Chapter 6, the first transcriptome of R. simsii, containing ca. 
15k orthologs from unique Arabidopsis thaliana genes, was assembled after next-
generation RNA-sequencing. RNAseq experiments upon treatment with the elicitor 
methyl jasmonate (MeJA) or P. latus infestation suggested a role for jasmonic acid (JA) 
induced responses in R. simsii. A set of putative marker genes to study plant defence 
responses was selected and validated in R. simsii. Genes belonged to the biosynthetic 
pathway of phytohormones JA (RsLOX, RsAOS, RsAOC, RsOPR3 and RsJMT) and salicylic 
acid (SA) (RsPAL and RsICS). Furthermore, RsPPO, a putative marker gene for oxidative 
stress response was successfully cloned from R. simsii. A CTAB-based extraction protocol 
was optimized to assure excellent RNA quality for subsequent RT-qPCR analysis. The RT-




genes from a geNorm pilot study. Validation of the marker genes was done after 
application with elicitors (MeJA, coronatine, β-aminobutyric acid and acibenzolar-S-
methyl) or wounding. Both 100 µM MeJA and 0.1 µM coronatine had a significant effect 
on the expression of all marker genes. Foliar application of MeJA on the shoots resulted in 
a significantly earlier response when compared to root application and subsequent 
sampling of the shoots. Expression patterns after MeJA treatment were generally the same 
in six R. simsii genotypes: ‘Nordlicht’, ‘Elien’, ‘Aiko Pink’, Michelle Marie’, ‘Mevrouw Gerard 
Kint’ and ‘Sachsenstern’. Wounding resulted in the same expression patterns as MeJA 
treatment except for RsJMT. None of the genotypes showed a significant induction of the 
latter gene 6 hours upon wounding. Findings of these experiments indicated that ‘Elien’ 
have low basal expression levels of RsPPO.  
Finally in Chapter 7, the set of validated marker genes for plant defence responses 
was used to investigate the infestation of P. latus on R. simsii. Gene expression profiles 
were measured by means of RT-qPCR and phytohormone measurements of SA, JA and its 
precursor 12-oxophytodienoic acid (OPDA) were conducted using LC-MS/MS. In a bio-
assay the direct effect of MeJA and SA was evaluated on the mite population increase. 
Polyphagotarsonemus latus infestation on R. simsii ‘Nordlicht’, ‘Aiko Pink’, Michelle Marie’, 
‘Mevrouw Gerard Kint’ and ‘Sachsenstern’ resulted in a significant induction of JA marker 
genes starting from ca. one week after infestation. No clear involvement of the JA defence 
pathway was shown in the mite resistant genotype ‘Elien’. However, the amount of OPDA 
and JA increased significantly in ‘Elien’ while this was not the case for ‘Nordlicht’. In 
contrast, the amount of free SA increased significantly in ‘Nordlicht’. In all genotypes 
except for ‘Elien’ RsPPO, a marker gene for oxidative stress response, was significantly up-
regulated. This went along with damage symptoms seen as brown colouring of youngest 
growth tips in susceptible genotypes. Methyl jasmonate application had a significant 
negative effect on P. latus population increase in the mite susceptible genotype R. simsii 
‘Nordlicht’, but application of SA had no marked effect on the population increase of the 
pest. 
In Chapter 8, a general discussion of the findings is presented and future prospects 
are discussed. It is concluded that the pest is able to survive the whole spectrum of 
temperatures encountered during R. simsii production, indicating its potential to spread 
and build up a population very easily when conditions are favourable. Our findings also 
showed the existence of resistant genotypes in the R. simsii gene pool. Glandular 
trichomes with a sticky end are thought to be involved in the resistant characteristics of 
these genotypes. Confirmation of this hypothesis requires additional research to 
determine the composition of the sticky exudates and to assess their effect on P. latus 
physiology. We found that JA-mediated responses might contribute to resistance against 
this pest. Further research is warranted to study the role of JA and SA defence pathways 
upon P. latus infestation and to assess the effect of external application of elicitors 









De weekhuidmijt Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae) is een 
economisch belangrijke plaag in de kas en van gewassen wereldwijd in het veld. In België 
is het voornamelijk een sleutelplaag in de azalea productie (Rhododendron simsii Planch 
hybride). Symptomen van schade worden herkend als misvormingen van de jongste 
groeipunten en bloemen, en het naar beneden krullen van de bladeren. De beperkte 
hoeveelheid chemische middelen en recente restricties in het gebruik van breed 
werkende chemische middelen maakt het noodzakelijk om deze plaag te beheersen 
gebruikmakend van het principe van de geïntegreerde gewasbescherming (Integrated 
Pest Management, IPM). Dit omvat een multidisciplinaire aanpak om de risico’s op 
besmetting of om de plaagpopulatie in het gewas te reduceren. Maatregelen omvatten het 
kweken en telen van tolerante of resistent genotypen. Wanneer de plaag in het gewas is 
waargenomen, is het aangeraden om verschillende strategieën te combineren, dit kunnen 
chemische maar ook biologische behandelingen zijn. Tegenwoordig zijn er verschillende 
mijten behorende tot de familie van de Phytoseiidae die commercieel beschikbaar zijn en 
die zich voeden met P. latus zoals Amblyseius swirskii. Een alternatieve strategie om de 
plaag te beheersen kan het induceren van de plantdefensie zijn om zo de vitaliteit van de 
mijt en/of haar waardplantvoorkeur te beïnvloeden. De beschikbaarheid van essentiële 
informatie over de biologie van de plaag kan de bestrijding van P. latus aanzienlijk 
verbeteren in siergewassen zoals R. simsii. 
De algemene doelstelling van deze studie was om een beter inzicht te krijgen in de 
bio-ecologie van de weekhuidmijt P. latus, één van de meest belangrijke plagen in R. simsii 
hybride productie in België, en om de rol van defensiemechanismen in de sierplant tegen 
deze mijt te onderzoeken. 
 In hoofdstuk 3 werd het effect van temperatuur op de ontwikkeling van P. latus 
op R. simsii bestudeerd. In combinatie met een fotoperiode van 16:8 u (L:D) en een 
relatieve vochtigheid van 80 ± 5%, werden zes constante temperaturen (15, 17, 20, 25, 30 
en 33 °C) onderzocht. Totale ontwikkelingstijden van 13,3; 10,5; 6,6; 4,2; 3,5 en 4,0 dagen 
werden gemeten bij de respectievelijke temperaturen. De ontwikkeling van wijfjes 
duurde significant langer dan die van mannetjes bij 15, 17, 20 en 30 °C. 
Overlevingspercentages bij temperaturen tussen 17 en 30 °C varieerden tussen 43.5 en 
96.9%. Lagere overlevingspercentages werden gemeten bij 15 en 33 °C, 31.8 en 23.6%, 
respectievelijk. De minimale, optimale en maximale ontwikkelingsgrens (tmin, topt en tmax, 
respectievelijk) en thermische constante (K) van de plaag werden voor elke levensfase 
geschat door middel van een lineair en twee niet-lineaire modellen. De thermische 
limieten van 10,0; 30,1 en 36,0 °C werden berekend op basis van de metingen van de 
totale ontwikkeling van P. latus, dit respectievelijk voor tmin, topt en tmax. Het aantal 
daggraden noodzakelijk om de juveniele ontwikkeling te volmaken wanneer de mijt zich 
voedt op R. simsii was 66.7. 
 De blootstelling van planten aan temperaturen algemeen gelegen tussen 2,5 en 9 
°C is noodzakelijk om bloemen uit hun dormant stadium te halen, dit omdat niet 
 
  
nagekomen koeleisen leiden tot onberekenbare doorbraak van de knop en lagere 
kwaliteit. De optimale temperatuur om de bloemknopdormantie te doorbreken in R. simsii 
bedraagt 7 °C. In hoofdstuk 4 werd de overleving van eitjes, larven en vrouwelijke 
adulten, en de voortplantingscapaciteit van vrouwelijke P. latus mijten geëvalueerd na 
een blootstelling bij 7 °C. Adulte wijfjes werden ook blootgesteld aan temperaturen van 2 
en -3 °C. Daarnaast werd het onderkoelingspunt en de letale tijden voor koude van adulte 
wijfjes vastgesteld. Geen van de eitjes overleefde de blootstelling aan 7 °C voor een 
periode van 17 of meer dagen. De larvale ontwikkeling na een koude behandeling van 7 
°C gedurende 14 en 49 dagen daalde respectievelijk van 53 tot 13%. Twee-dagen-oude 
adulte wijfjes die tot 42 dagen werden blootgesteld aan 7 °C vertoonden geen significante 
sterfte, maar wanneer deze werden teruggeplaatst bij 25 °C waren de ovipositiesnelheden 
lager dan die van mijten gekweekt bij 25 °C. Minder dan 40% van de wijfjes die voor 13 
dagen werden blootgesteld aan 2 °C overleefden; enkel 20% van deze wijfjes was in staat 
om zich voort te planten na herstel. Temperaturen onder het vriespunt verminderden 
drastisch de overlevings- en voortplantingscapaciteit van adulte wijfjes. Het 
onderkoelingspunt van adulte wijfjes was -16,5 °C. Mediaan letale tijden bedroegen 61,2 
h en 9,3 dagen respectievelijk bij -3 en 2 °C. Een langdurige blootstelling (tot 6 weken) 
aan een temperatuur van 7 °C, noodzakelijk voor het doorbreken van de dormantie van 
de bloemen, van R. simsii planten besmet met P. latus wordt niet verwacht om nadelige 
effecten op de overlevings-en voortplantingsprestaties van vrouwelijke mijten te hebben. 
 In hoofdstuk 5 werd een selectie van 32 Rhododendron cultivars, hoofdzakelijk R. 
simsii hybriden, gescreend voor hun gevoeligheid naar P. latus. De planten werden in de 
kas op kunstmatige wijze besmet door het omringen van elke azaleaplant met vier door 
P. latus geïnfecteerde klimopplanten (Hedera helix). De besmetting met P. latus werd 
geëvalueerd door het tellen van het aantal mijten per scheuttip en door beoordeling van 
de schade. Een vergelijkbare besmettingsgraad werd vastgesteld aan het begin van de 
verschillende experimenten. Correlatie tussen de gemiddelde beoordeling van de schade 
en het aantal mijten per scheuttip op alle cultivars was significant positief, hoewel laag, 
op elk tijdstip. In elk experiment varieerden de R²-waarden tussen 0,14 en 0,61. Op het 
einde van de experimenten werden significante verschillen in gevoeligheid tussen de 
geëvalueerde cultivars geobserveerd. De cultivars ‘Emil De Coninck’ en ‘Mont Blanc’ 
werden gecatalogeerd als heel gevoelig. Daarentegen werden ‘Mistral’ en zijn knopsport 
‘Elien’ als resistent beschouwd voor P. latus, dit omdat de schade beperkt was en heel 
weinig weekhuidmijten werden teruggevonden op deze planten. Zes genotypen met een 
verschillende gevoeligheid voor P. latus werden in detail bestudeerd: ‘Nordlicht’, ‘Elien’, 
‘Aiko Pink’, ‘Michelle Marie’, ‘Mervouw Gerard Kint’ en ‘Sachsenstern’. Na observatie met 
scanning elektronen microscopie bleek dat van deze zes genotypen ‘Elien’ klierharen met 
een kleverig uiteinde hadden. Dit type van beharing werd ook terug gevonden op ‘Mistral’. 
Op basis hiervan kan men suggereren dat dit type beharing bijdraagt aan de resistente 
eigenschappen van ‘Elien’ en ‘Mistral’. 
 In de volgende twee hoofdstukken werd het effect van geïnduceerde responsen in 
R. simsii bij besmetting met P. latus bestudeerd. In hoofdstuk 6 werd het eerste 




bevat, geassembleerd na ‘next-generation RNA-sequencing’. RNAseq experimenten na 
benadeling met de elicitor methyljasmijnzuur (MeJA) of besmetting met P. latus 
suggereerden een rol voor jasmijnzuur (JA) geïnduceerde responsen in R. simsii. Om plant 
defensie te bestuderen werd een set van vermeende merkergenen geselecteerd en 
gevalideerd in R. simsii. De genen behoorden tot de biosynthese pathways van de 
fytohormonen JA (RsLOX, RsAOS, RsAOC, RsOPR3 en RsJMT) en salicylzuur (SA) (RsPAL en 
RsICS). Bovendien werd RsPPO, een vermeend merkergen voor oxidatieve stressrespons 
succesvol gekloneerd in R. simsii. Een CTAB-gebaseerd extractie protocol werd 
geoptimaliseerd om uitstekende RNA kwaliteit te garanderen in de navolgende RT-qPCR 
analyse. Het RT-qPCR protocol werd uitvoerig getest en RsRG7 en RsRG14 werden 
geselecteerd als referentiegenen na een geNorm pilootstudie. De merkergenen werden 
gevalideerd na behandeling met elicitoren (MeJA, coronatine, β-aminoboterzuur en 
acidbenzolar-S-methyl) of verwonding. Zowel 100 µM MeJA als 0,1 µM coronatine hadden 
een significant effect op de expressie van alle merkergenen. Behandeling van bladeren op 
de scheuten met MeJA resulteerde in significant eerdere responsen vergeleken met 
behandeling van de wortels en vervolgens staalnames in de scheuten. De 
expressiepatronen na MeJA behandeling waren over het algemeen gelijkaardig in zes R. 
simsii genotypen: ‘Nordlicht’, ‘Elien’, ‘Aiko Pink’, ‘Michelle Marie’, ‘Mervouw Gerard Kint’ 
en ‘Sachsenstern’. Verwonding resulteerde in dezelfde expressiepatronen als MeJA 
behandeling met uitzondering voor RsJMT. Geen van deze genotypen vertoonde een 
significante inductie van het laatstgenoemde gen 6 uur na verwonding. De bevindingen 
van deze experimenten tonen aan dat ‘Elien’  erg lage basale expressie levels heeft voor 
RsPPO. 
 Finaal werd in hoofdstuk 7 de set van gevalideerde merkergenen voor plant 
defensie responsen gebruikt om de besmetting op R. simsii door P. latus te bestuderen. 
Genexpressie profielen werden gemeten door middel van RT-qPCR en fytohormoon 
metingen van SA, JA en zijn precursor 12-oxofytodieenzuur (OPDA) werden uitgevoerd 
gebruikmakend van LC-MS/MS. In een bio-assay werd het directe effect van MeJA en SA 
op de groei van de mijtpopulatie geëvalueerd. Polyphagotarsonemus latus besmetting in 
R. simsii ‘Nordlicht’, ‘Aiko Pink’, ‘Michelle Marie’, ‘Mervouw Gerard Kint’ en ‘Sachsenstern’ 
resulteerde in een significante inductie van JA merkergenen startende vanaf ongeveer één 
week na de besmetting. Er kon geen duidelijke betrokkenheid van de JA defensie pathway 
worden aangetoond in het mijt resistente genotype ‘Elien’. Hoewel de hoeveelheid OPDA 
en JA significant toenam in ‘Elien’ was dit niet het geval voor ‘Nordlicht’. In tegenstelling, 
de hoeveelheid SA nam significant toe in ‘Nordlicht’. In alle genotypen met uitzondering 
van ‘Elien’ was RsPPO, een merkergen voor oxidatieve stressrespons, significant 
opgereguleerd. Dit ging samen met de symptomen van schade, die gezien werden als 
bruinkleuring van de jongste groeipunten in gevoelige genotypen. De behandeling met 
methyljasmijnzuur had een significant negatief effect op de toename van de 
populatiegroei van P. latus in het mijt gevoelige genotype ‘Nordlicht’. De toediening van 
SA had geen significant effect op de populatiegroei van de plaag. 
 In hoofdstuk 8 wordt een algemene discussie van de resultaten gepresenteerd en 
worden toekomstperspectieven besproken. Als algemene conclusie kan men stellen dat 
 
  
de plaag in staat is om te overleven bij alle temperaturen die in de productie van R. simsii 
voorkomen. Dit geeft aan dat de plaag zich gemakkelijk kan verspreiden en een populatie 
kan opbouwen onder gunstige condities. De bevindingen geven ook aan dat er resistente 
genotypen bestaan in de R. simsii genenpool. Van klierharen met een kleverig uiteinde 
wordt gedacht dat deze betrokken zijn in de resistentie-eigenschappen van deze 
genotypen. Bevestiging van deze hypothese noodzaakt bijkomstig onderzoek om de 
samenstelling van de kleverige exudaten te bepalen en om de fysiologische effecten ervan 
op P. latus na te gaan. We vonden dat JA afhankelijke responsen kunnen bijdragen tot 
resistentie tegen deze plaag. Verder onderzoek is noodzakelijk om de rol van de JA en SA 
defensie pathways bij besmetting met P. latus te bestuderen en om het effect na te gaan 
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Suppl. Table 6.1 List of RT-qPCR primer sequences and product size for Rhododendron 
simsii reference genes used in geNorm pilot study but not withheld for calculating the 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Suppl. Table 6.2 Top 25 of the most upregulated accessions detected in Rhododendron 
simsii ‘Nordlicht’ upon 100 µM methyl jasmonate treatment compared to the mock 
treatment. The table shows the accession, gene description and fold change. Level of 
significance was set at p <0.001. 
  
R. simsii accession Gene description FC 
Rs1G33750_CAP3sORF_M2_893k Terpenoid cyclases/Protein prenyltransferases 
superfamily protein 
292.9 
Rs3G14540_CAP3sORF_M2_893k Terpenoid cyclases/Protein prenyltransferases 
superfamily protein 
118.1 
Rs4G10490_CAP3sORF_M2_893k 2-oxoglutarate (2OG) and Fe(II)-dependent 
oxygenase superfamily protein 
105.4 
Rs5G28237_CAP3cORF_M2_893k Pyridoxal-5'-phosphate-dependent enzyme family 
protein 
105.0 
Rs5G23960_CAP3sORF_M2_893k terpene synthase 21 92.2 
Rs2G37980_CAP3sORF_M2_893k O-fucosyltransferase family protein 65.7 
Rs5G64810_CAP3sORF_M2_893k WRKY DNA-binding protein 51 61.7 
Rs1G74950_CAP3sORF_M2_893k TIFY domain/Divergent CCT motif family protein 55.0 
Rs1G30135_CAP3cORF_M2_893k jasmonate-zim-domain protein 8 48.4 
Rs4G27410_CAP3cORF_M2_893k NAC (No Apical Meristem) domain transcriptional 
regulator superfamily protein 
47.0 
Rs3G14520_CAP3sORF_M2_893k Terpenoid cyclases/Protein prenyltransferases 
superfamily protein 
45.9 
Rs2G24210_CAP3sORF_M2_893k terpene synthase 10 44.5 
Rs2G14610_CAP3sORF_M2_893k pathogenesis-related gene 1 42.7 
Rs5G54300_CAP3sORF_M2_893k Protein of unknown function (DUF761) 36.7 
Rs1G61680_CAP3cORF_M2_893k terpene synthase 14 36.5 
Rs1G21440_CAP3cORF_M2_893k Phosphoenolpyruvate carboxylase family protein 36.3 
Rs5G54240_CAP3sORF_M2_893k Protein of unknown function (DUF1223) 36.1 
Rs1G05300_CAP3sORF_M2_893k zinc transporter 5 precursor 34.9 
Rs1G23550_CAP3sORF_M2_893k similar to RCD one 2 32.1 
Rs5G62310_CAP3sORF_M2_893k AGC (cAMP-dependent, cGMP-dependent and protein 
kinase C) kinase family protein 
31.8 
Rs3G50310_CAP3sORF_M2_893k mitogen-activated protein kinase kinase kinase 20 29.1 
Rs3G03600_CAP3sORF_M2_893k ribosomal protein S2 28.5 
Rs4G29140_CAP3sORF_M2_893k MATE efflux family protein 27.1 
Rs5G17350_CAP3sORF_M2_893k unknown protein 26.1 




Suppl. Table 6.3 Top 25 of the most downregulated accessions detected in Rhododendron 
simsii ‘Nordlicht’ upon 100 µM methyl jasmonate treatment compared to the mock 
treatment. The table shows the accession, gene description and fold change. Level of 





R. simsii accession Gene description FC 
Rs1G55365_CAP3cORF_M2_893k unknown protein 0.000 
Rs1G76770_CAP3cORF_M2_893k HSP20-like chaperones superfamily protein 0.000 
Rs2G18060_CAP3sORF_M2_893k vascular related NAC-domain protein 1 0.000 
Rs2G38170_CAP3sORF_M2_893k cation exchanger 1 0.000 
Rs3G05430_CAP3sORF_M2_893k Tudor/PWWP/MBT superfamily protein 0.000 
Rs3G44990_CAP3sORF_M2_893k xyloglucan endo-transglycosylase-related 8 0.000 
Rs3G52450_CAP3cORF_M2_893k plant U-box 22 0.000 
Rs4G08620_CAP3sORF_M2_893k sulphate transporter 1 0.000 
Rs4G32840_CAP3sORF_M2_893k phosphofructokinase 6 0.000 
Rs4G33700_CAP3sORF_M2_893k CBS domain-containing protein with a domain of 
unknown function (DUF21) 
0.000 
Rs5G17450_CAP3sORF_M2_893k Heavy metal transport/detoxification superfamily 
protein 
0.000 
Rs5G19875_CAP3sORF_M2_893k unknown protein 0.000 
Rs5G52290_CAP3sORF_M2_893k shortage in chiasmata 1 0.000 
Rs5G53200_CAP3sORF_M2_893k Homeodomain-like superfamily protein 0.000 
Rs1G29500_CAP3sORF_M2_893k SAUR-like auxin-responsive protein family 0.012 
Rs5G49350_CAP3sORF_M2_893k Glycine-rich protein family 0.022 
Rs2G30395_CAP3sORF_M2_893k ovate family protein 17 0.023 
Rs4G25970_CAP3sORF_M2_893k phosphatidylserine decarboxylase 3 0.024 
Rs5G62850_CAP3sORF_M2_893k Nodulin MtN3 family protein 0.024 
Rs2G34060_CAP3sORF_M2_893k Peroxidase superfamily protein 0.024 
Rs1G43630_CAP3cORF_M2_893k Protein of unknown function (DUF793) 0.025 
Rs5G56800_CAP3sORF_M2_893k Protein with RNI-like/FBD-like domains 0.028 
Rs2G31865_CAP3sORF_M2_893k poly(ADP-ribose) glycohydrolase 2 0.032 
Rs2G02850_CAP3sORF_M2_893k plantacyanin 0.032 
Rs5G10890_CAP3sORF_M2_893k myosin heavy chain-related 0.035 
 
  
Suppl. Table 6.4 Top 25 of the most upregulated accessions detected in Rhododendron 
simsii ‘Elien’ upon Polyphagotarsonemus latus infestation compared to the mock 
treatment. The table shows the accession, gene description and fold change. Level of 
significance was set at p < 0.001. 
 
  
R. simsii accession Gene description FC 
Rs3G06120_CAP3sORF_M2_893k basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein 
436.1 
Rs5G01910_CAP3sORF_M2_893k unknown protein 269.0 
Rs1G03180_CAP3sORF_M2_893k unknown protein 195.2 
Rs1G18370_CAP3sORF_M2_893k ATP binding microtubule motor family protein 132.1 
Rs2G42840_CAP3sORF_M2_893k protodermal factor 1 108.0 
Rs2G42800_CAP3cORF_M2_893k receptor like protein 29 104.0 
Rs1G53140_CAP3sORF_M2_893k Dynamin related protein 5A 97.4 
Rs2G28610_CAP3cORF_M2_893k Homeodomain-like superfamily protein 84.0 
Rs4G39770_CAP3sORF_M2_893k Haloacid dehalogenase-like hydrolase (HAD) 
superfamily protein 
79.0 
Rs1G11600_CAP3cORF_M2_893k cytochrome P450, family 77, subfamily B, polypeptide 
1 
70.6 
Rs5G45890_CAP3sORF_M2_893k senescence-associated gene 12 70.1 
Rs4G35930_CAP3cORF_M2_893k F-box family protein 60.2 
Rs3G16300_CAP3sORF_M2_893k Uncharacterised protein family (UPF0497) 59.8 
Rs1G07270_CAP3sORF_M2_893k Cell division control, Cdc6 57.9 
Rs5G60930_CAP3sORF_M2_893k P-loop containing nucleoside triphosphate hydrolases 
superfamily protein 
56.8 
Rs5G48485_CAP3cORF_M2_893k Bifunctional inhibitor/lipid-transfer protein/seed 
storage 2S albumin superfamily protein 
52.3 
Rs3G10320_CAP3sORF_M2_893k Glycosyltransferase family 61 protein 46.8 
Rs3G17152_CAP3sORF_M2_893k Plant invertase/pectin methylesterase inhibitor 
superfamily protein 
39.6 
Rs1G64080_CAP3sORF_M2_893k unknown protein 39.4 
Rs2G20515_CAP3cORF_M2_893k unknown protein 39.0 
Rs1G29630_CAP3sORF_M2_893k 5'-3' exonuclease family protein 37.9 
Rs3G02120_CAP3cORF_M2_893k hydroxyproline-rich glycoprotein family protein 37.0 
Rs1G67630_CAP3cORF_M2_893k DNA polymerase alpha 2 35.6 
Rs3G12870_CAP3cORF_M2_893k unknown protein 33.0 




Suppl. Table 6.5 Top 25 of the most downregulated accessions detected in Rhododendron 
simsii ‘Elien’ upon Polyphagotarsonemus latus infestation compared to the mock 
treatment. The table shows the accession, gene description and fold change. Level of 




R. simsii accession Gene description FC 
Rs1G10900_CAP3sORF_M2_893k Phosphatidylinositol-4-phosphate 5-kinase family 
protein 
0.000 
Rs1G47580_CAP3sORF_M2_893k Pentatricopeptide repeat (PPR) superfamily protein 0.000 
Rs1G49405_CAP3sORF_M2_893k Uncharacterised protein family (UPF0497) 0.000 
Rs1G55590_CAP3sORF_M2_893k RNI-like superfamily protein 0.000 
Rs1G67970_CAP3sORF_M2_893k heat shock transcription factor  A8 0.000 
Rs1G76100_CAP3sORF_M2_893k plastocyanin 1 0.000 
Rs2G01910_CAP3sORF_M2_893k Microtubule associated protein (MAP65/ASE1) family 
protein 
0.000 
Rs2G47770_CAP3sORF_M2_893k TSPO(outer membrane tryptophan-rich sensory 
protein)-related 
0.000 
Rs3G30775_CAP3sORF_M2_893k Methylenetetrahydrofolate reductase family protein 0.000 
Rs3G44700_CAP3sORF_M2_893k Plant protein of unknown function 0.000 
Rs3G63060_CAP3cORF_M2_893k EID1-like 3 0.000 
Rs4G25850_CAP3sORF_M2_893k OSBP(oxysterol binding protein)-related protein 4B 0.000 
Rs4G36600_CAP3sORF_M2_893k Late embryogenesis abundant (LEA) protein 0.000 
Rs4G38420_CAP3sORF_M2_893k SKU5 similar 9 0.000 
Rs5G01770_CAP3sORF_M2_893k HEAT repeat  0.000 
Rs5G10230_CAP3sORF_M2_893k annexin 7 0.000 
Rs5G13440_CAP3sORF_M2_893k Ubiquinol-cytochrome C reductase iron-sulfur subunit 0.000 
Rs5G40170_CAP3sORF_M2_893k receptor like protein 54 0.000 
Rs5G45770_CAP3sORF_M2_893k receptor like protein 55 0.000 
Rs5G52390_CAP3cORF_M2_893k PAR1 protein 0.000 
Rs5G59220_CAP3sORF_M2_893k highly ABA-induced PP2C gene 1 0.000 
Rs1G15410_CAP3cORF_M2_893k aspartate-glutamate racemase family 0.007 
Rs5G38710_CAP3cORF_M2_893k Methylenetetrahydrofolate reductase family protein 0.008 
Rs1G67090_CAP3sORF_M2_893k ribulose bisphosphate carboxylase small chain 1A 0.010 
Rs3G03341_CAP3cORF_M2_893k unknown protein 0.010 
 
  
Suppl. Table 6.6 Top 25 of the most upregulated accessions detected in Rhododendron 
simsii ‘Elien’ upon 100 µM methyl jasmonate treatment compared to the mock treatment. 
The table shows the accession, gene description and fold change. Level of significance was 




R. simsii accession Gene description FC 
Rs1G09155_CAP3sORF_M2_893k phloem protein 2-B15 84.1 
Rs2G25000_CAP3sORF_M2_893k WRKY DNA-binding protein 60 40.4 
Rs1G30670_CAP3sORF_M2_893k basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein 
32.5 
Rs3G16460_CAP3sORF_M2_893k Mannose-binding lectin superfamily protein 28.6 
Rs5G61890_CAP3sORF_M2_893k Integrase-type DNA-binding superfamily protein 26.8 
Rs1G19260_CAP3sORF_M2_893k TTF-type zinc finger protein with HAT dimerisation 
domain 
24.7 
Rs2G30660_CAP3sORF_M2_893k ATP-dependent caseinolytic (Clp) protease/crotonase 
family protein 
24.6 
Rs5G56450_CAP3sORF_M2_893k Mitochondrial substrate carrier family protein 21.7 
Rs4G29930_CAP3sORF_M2_893k basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein 
20.6 
Rs4G18970_CAP3sORF_M2_893k GDSL-like Lipase/Acylhydrolase superfamily protein 19.7 
Rs5G13080_CAP3cORF_M2_893k WRKY DNA-binding protein 75 19.4 
Rs4G04630_CAP3sORF_M2_893k Protein of unknown function, DUF584 16.8 
Rs5G05020_CAP3sORF_M2_893k Pollen Ole e 1 allergen and extensin family protein 15.7 
Rs1G61680_CAP3cORF_M2_893k terpene synthase 14 14.4 
Rs3G16300_CAP3sORF_M2_893k Uncharacterised protein family (UPF0497) 14.4 
Rs4G26740_CAP3sORF_M2_893k seed gene 1 14.1 
Rs5G28237_CAP3cORF_M2_893k Pyridoxal-5'-phosphate-dependent enzyme family 
protein 
14.0 
Rs3G25810_CAP3cORF_M2_893k Terpenoid cyclases/Protein prenyltransferases 
superfamily protein 
12.6 
Rs5G27920_CAP3sORF_M2_893k F-box family protein 11.2 
Rs1G72230_CAP3sORF_M2_893k Cupredoxin superfamily protein 10.8 
Rs1G80160_CAP3cORF_M2_893k Lactoylglutathione lyase / glyoxalase I family protein 10.8 
Rs4G18550_CAP3cORF_M2_893k alpha/beta-Hydrolases superfamily protein 10.5 
Rs4G03270_CAP3sORF_M2_893k Cyclin D6 10.4 
Rs5G13220_CAP3cORF_M2_893k jasmonate-zim-domain protein 10 9.6 




Suppl. Table 6.7 Top 25 of the most downregulated accessions detected in Rhododendron 
simsii ‘Elien’ upon 100 µM methyl jasmonate treatment compared to the mock treatment. 
The table shows the accession, gene description and fold change. Level of significance was 
set at p < 0.001. 
 
  
R. simsii accession Gene description FC 
Rs1G09155_CAP3sORF_M2_893k phloem protein 2-B15 84.1 
Rs2G25000_CAP3sORF_M2_893k WRKY DNA-binding protein 60 40.4 
Rs1G30670_CAP3sORF_M2_893k basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein 
32.5 
Rs3G16460_CAP3sORF_M2_893k Mannose-binding lectin superfamily protein 28.6 
Rs5G61890_CAP3sORF_M2_893k Integrase-type DNA-binding superfamily protein 26.8 
Rs1G19260_CAP3sORF_M2_893k TTF-type zinc finger protein with HAT dimerisation 
domain 
24.7 
Rs2G30660_CAP3sORF_M2_893k ATP-dependent caseinolytic (Clp) protease/crotonase 
family protein 
24.6 
Rs5G56450_CAP3sORF_M2_893k Mitochondrial substrate carrier family protein 21.7 
Rs4G29930_CAP3sORF_M2_893k basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein 
20.6 
Rs4G18970_CAP3sORF_M2_893k GDSL-like Lipase/Acylhydrolase superfamily protein 19.7 
Rs5G13080_CAP3cORF_M2_893k WRKY DNA-binding protein 75 19.4 
Rs4G04630_CAP3sORF_M2_893k Protein of unknown function, DUF584 16.8 
Rs5G05020_CAP3sORF_M2_893k Pollen Ole e 1 allergen and extensin family protein 15.7 
Rs1G61680_CAP3cORF_M2_893k terpene synthase 14 14.4 
Rs3G16300_CAP3sORF_M2_893k Uncharacterised protein family (UPF0497) 14.4 
Rs4G26740_CAP3sORF_M2_893k seed gene 1 14.1 
Rs5G28237_CAP3cORF_M2_893k Pyridoxal-5'-phosphate-dependent enzyme family 
protein 
14.0 
Rs3G25810_CAP3cORF_M2_893k Terpenoid cyclases/Protein prenyltransferases 
superfamily protein 
12.6 
Rs5G27920_CAP3sORF_M2_893k F-box family protein 11.2 
Rs1G72230_CAP3sORF_M2_893k Cupredoxin superfamily protein 10.8 
Rs1G80160_CAP3cORF_M2_893k Lactoylglutathione lyase / glyoxalase I family protein 10.8 
Rs4G18550_CAP3cORF_M2_893k alpha/beta-Hydrolases superfamily protein 10.5 
Rs4G03270_CAP3sORF_M2_893k Cyclin D6 10.4 
Rs5G13220_CAP3cORF_M2_893k jasmonate-zim-domain protein 10 9.6 
Rs1G74950_CAP3sORF_M2_893k TIFY domain/Divergent CCT motif family protein 9.1 
 
  
Suppl. Table 6.8 Top 25 of the most upregulated accessions detected in Rhododendron 
simsii ‘Nordlicht’ upon Polyphagotarsonemus latus infestation compared to the mock 
treatment. The table shows the accession, gene description and fold change. Level of 




R. simsii accession Gene description FC 
At4G10490_CAP3sORF_M2_893k 2-oxoglutarate (2OG) and Fe(II)-dependent 
oxygenase superfamily protein 
610.4 
At5G35830_CAP3cORF_M2_893k Ankyrin repeat family protein 342.7 
At5G01380_CAP3sORF_M2_893k Homeodomain-like superfamily protein 243.4 
At1G14480_CAP3sORF_M2_893k Ankyrin repeat family protein 210.5 
At2G47610_CAP3sORF_M2_893k Ribosomal protein L7Ae/L30e/S12e/Gadd45 family 
protein 
191.0 
At5G09510_CAP3sORF_M2_893k Ribosomal protein S19 family protein 187.6 
AtMG01190_CAP3sORF_M2_893k ATP synthase subunit 1 165.7 
At5G04690_CAP3sORF_M2_893k Ankyrin repeat family protein 115.8 
At2G19750_CAP3sORF_M2_893k Ribosomal protein S30 family protein 115.0 
At1G33750_CAP3sORF_M2_893k Terpenoid cyclases/Protein prenyltransferases 
superfamily protein 
98.5 
At4G39200_CAP3sORF_M2_893k Ribosomal protein S25 family protein 93.8 
At1G20560_CAP3cORF_M2_893k acyl activating enzyme 1 93.0 
At3G50160_CAP3sORF_M2_893k Plant protein of unknown function (DUF247) 79.5 
At5G59290_CAP3sORF_M2_893k UDP-glucuronic acid decarboxylase 3 72.7 
At1G74950_CAP3sORF_M2_893k TIFY domain/Divergent CCT motif family protein 63.3 
At3G26320_CAP3sORF_M2_893k cytochrome P450, family 71, subfamily B, 
polypeptide 36 
59.6 
At3G14540_CAP3sORF_M2_893k Terpenoid cyclases/Protein prenyltransferases 
superfamily protein 
58.9 
At1G30135_CAP3cORF_M2_893k jasmonate-zim-domain protein 8 57.9 
At2G21540_CAP3sORF_M2_893k SEC14-like 3 54.9 
At3G11090_CAP3sORF_M2_893k LOB domain-containing protein 21 54.1 
At3G47910_CAP3sORF_M2_893k Ubiquitin carboxyl-terminal hydrolase-related 
protein 
50.9 
At5G24550_CAP3sORF_M2_893k beta glucosidase 32 47.1 
At1G49640_CAP3sORF_M2_893k alpha/beta-Hydrolases superfamily protein 46.0 
At5G64810_CAP3sORF_M2_893k WRKY DNA-binding protein 51 45.6 




Suppl. Table 6.9 Top 25 of the most downregulated accessions detected in Rhododendron 
simsii ‘Nordlicht’ upon Polyphagotarsonemus latus infestation compared to the mock 
treatment. The table shows the accession, gene description and fold change. Level of 




R. simsii accession Gene description FC 
Rs1G09794_CAP3sORF_M2_893k Cox19 family protein (CHCH motif) 0.000 
Rs1G21110_CAP3sORF_M2_893k O-methyltransferase family protein 0.000 
Rs2G07674_CAP3sORF_M2_893k Unknown conserved protein 0.000 
Rs2G33500_CAP3sORF_M2_893k B-box type zinc finger protein with CCT domain 0.000 
Rs2G38170_CAP3sORF_M2_893k cation exchanger 1 0.000 
Rs3G02980_CAP3sORF_M2_893k MEIOTIC CONTROL OF CROSSOVERS1 0.000 
Rs3G05430_CAP3sORF_M2_893k Tudor/PWWP/MBT superfamily protein 0.000 
Rs3G24780_CAP3sORF_M2_893k Uncharacterised conserved protein UCP015417,  vWA 0.000 
Rs4G33700_CAP3sORF_M2_893k CBS domain-containing protein with a domain of 
unknown function (DUF21) 
0.000 
Rs5G06670_CAP3sORF_M2_893k P-loop containing nucleoside triphosphate hydrolases 
superfamily protein 
0.000 
Rs5G17450_CAP3sORF_M2_893k Heavy metal transport/detoxification superfamily 
protein 
0.000 
Rs1G54740_CAP3sORF_M2_893k Protein of unknown function (DUF3049) 0.007 
Rs5G15130_CAP3sORF_M2_893k WRKY DNA-binding protein 72 0.010 
Rs5G52290_CAP3sORF_M2_893k shortage in chiasmata 1 0.022 
Rs5G53200_CAP3sORF_M2_893k Homeodomain-like superfamily protein 0.026 
Rs1G13470_CAP3sORF_M2_893k Protein of unknown function (DUF1262) 0.026 
Rs2G22410_CAP3sORF_M2_893k SLOW GROWTH 1 0.032 
Rs1G13800_CAP3sORF_M2_893k Tetratricopeptide repeat (TPR)-like superfamily 
protein 
0.034 
Rs5G59720_CAP3cORF_M2_893k heat shock protein 18.2 0.046 
Rs4G34419_CAP3sORF_M2_893k unknown protein 0.067 
Rs2G37530_CAP3sORF_M2_893k unknown protein 0.081 
Rs3G53680_CAP3sORF_M2_893k Acyl-CoA N-acyltransferase with RING/FYVE/PHD-
type zinc finger domain 
0.082 
Rs1G28050_CAP3sORF_M2_893k B-box type zinc finger protein with CCT domain 0.082 
Rs3G18200_CAP3sORF_M2_893k nodulin MtN21 /EamA-like transporter family protein 0.092 




Suppl. Table 6.10 GeNorm M and Coefficient of Variation (CV) values for reference genes 
RsRG7 and RsRG14 expressing reference gene stability in experiment 1-5. Values are 
calculated using qbase+ software (Hellemans et al., 2007). 
Parameter Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 
M value 0.151 0.226 0.184 0.271 0.292 
CV value 0.052 0.078 0.064 0.094 0.101 
 
 
Suppl. Table 6.11 Run specific amplification efficiency (E) (± SE), R², slope (± SE) and 











Suppl. Table 6.12 Run specific amplification efficiency (E) (± SE), R², slope (± SE) and 
intercept (± SE) for marker genes and reference genes in RT-qPCR for experiment 2. 
 
  
     
     
     
     
     
     
     
     
     
     
     
Gene E R² Slope Intercept 
RsAOC 1.98 ± 0.02 0.998 -3.36 ± 0.05 37.66 ± 0.20 
RsAOS 2.03 ± 0.03 0.996 -3.26 ± 0.06 38.55 ± 0.25 
RsICS 2.06 ± 0.04 0.992 -3.18 ± 0.09 38.01 ± 0.36 
RsJMT 2.00 ± 0.01 1 -3.32 ± 0.01 35.08 ± 0.05 
RsLOX 2.04 ± 0.03 0.996 -3.23 ± 0.06 38.10 ± 0.26 
RsOPR3 1.97 ± 0.02 0.999 -3.39 ± 0.05 39.27 ± 0.20 
RsPAL 2.01 ± 0.01 1 -3.31 ± 0.02 32.69 ± 0.08 
RsPPO 1.88 ± 0.00 1 -3.64 ± 0.02 36.89 ± 0.06 
RsRG14 1.83 ± 0.00 1 -3.83 ± 0.01 35.95 ± 0.03 
RsRG7 2.02 ± 0.01 1 -3.28 ± 0.02 35.48 ± 0.07 
     
     
     
     
     
     
     
     
     
     
     
Gene E R² Slope Intercept 
RsAOC 1.95 ± 0.03 0.996 -3.44 ± 0.07 38.45 ± 0.26 
RsAOS 2.08 ± 0.02 0.999 -3.15 ± 0.04 38.16 ± 0.15 
RsICS 1.93 ± 0.03 0.994 -3.52 ± 0.09 39.68 ± 0.35 
RsJMT 2.02 ± 0.02 0.998 -3.26 ± 0.05 38.11 ± 0.18 
RsLOX 2.00 ± 0.02 0.998 -3.33 ± 0.05 38.94 ± 0.19 
RsOPR3 2.01 ± 0.01 1 -3.30 ± 0.02 32.81 ± 0.09 
RsPAL 1.98 ± 0.01 0.999 -3.36 ± 0.03 33.48 ± 0.12 
RsPPO 1.88 ± 0.01 1 -3.64 ± 0.02 33.86 ± 0.07 
RsRG14 1.82 ± 0.01 1 -3.84 ± 0.03 36.61 ± 0.11 




Suppl. Table 6.13 Run specific amplification efficiency (E) (± SE), R², slope (± SE) and 











Suppl. Table 6.14 Run specific amplification efficiency (E) (± SE), R², slope (± SE) and 











Gene E R² Slope Intercept 
RsAOC 1.96 ± 0.03 0.994 -3.42 ± 0.08 37.58 ± 0.32 
RsAOS 2.22 ± 0.17 0.915 -2.89 ± 0.28 36.64 ± 1.08 
RsICS 1.99 ± 0.02 0.998 -3.33 ± 0.05 39.01 ± 0.20 
RsJMT 1.97 ± 0.01 1 -3.39 ± 0.02 34.93 ± 0.06 
RsLOX 2.00 ± 0.02 0.999 -3.32 ± 0.04 38.56 ± 0.17 
RsOPR3 2.00 ± 0.02 0.998 -3.33 ± 0.05 38.98 ± 0.20 
RsPAL 2.00 ± 0.01 1 -3.33 ± 0.01 32.66 ± 0.05 
RsPPO 1.91 ± 0.01 1 -3.57 ± 0.01 36.69 ± 0.06 
RsRG14 1.84 ± 0.00 1 -3.77 ± 0.01 35.36 ± 0.05 
RsRG7 2.02 ± 0.01 1 -3.27 ± 0.02 34.85 ± 0.08 
Gene E R² Slope Intercept 
RsAOC 2.06 ± 0.04 0.994 -3.18 ± 0.08 36.42 ± 0.30 
RsAOS 2.05 ± 0.02 0.999 -3.21 ± 0.04 38.29 ± 0.14 
RsICS 2.03 ± 0.03 0.998 -3.24 ± 0.06 38.67 ± 0.24 
RsJMT 2.01 ± 0.01 1 -3.31 ± 0.02 34.58 ± 0.10 
RsLOX 1.94 ± 0.02 0.998 -3.49 ± 0.05 39.52 ± 0.19 
RsOPR3 2.01 ± 0.02 0.997 -3.31 ± 0.05 39.07 ± 0.20 
RsPAL 1.96 ± 0.01 1 -3.43 ± 0.02 33.14 ± 0.06 
RsPPO 1.87 ± 0.01 0.999 -3.67 ± 0.03 37.65 ± 0.11 
RsRG14 1.76 ± 0.00 1 -4.09 ± 0.01 36.53 ± 0.03 
RsRG7 1.98 ± 0.01 0.999 -3.38 ± 0.03 35.35 ± 0.13 
 
  
Suppl. Table 7.1 GeNorm M and Coefficient of Variation (CV) values for reference genes 
RsRG7 and RsRG14 expressing reference gene stability in experiment 1-2. Values are 
calculated using qbase+ software (Hellemans et al., 2007). 
Parameter Exp. 1 Exp. 2 
M value 0.308 0.277 
CV value 0.107 0.096 
 
Suppl. Table 7.2 Run specific amplification efficiency (E) (± SE), R², slope (± SE) and 
intercept (± SE) for marker genes and reference genes in RT-qPCR for experiment 1. 
Gene E R² Slope Intercept 
RsAOC 2.01 ± 0.02 0.999 -3.29 ± 0.04 36.98 ± 0.16 
RsAOS 1.97 ± 0.02 0.997 -3.41 ± 0.06 39.38 ± 0.25 
RsICS 2.07 ± 0.02 0.998 -3.18 ± 0.05 38.54 ± 0.19 
RsJMT 2.07 ± 0.06 0.985 -3.17 ± 0.14 33.79 ± 0.58 
RsLOX 1.99 ± 0.03 0.996 -3.35 ± 0.07 38.94 ± 0.27 
RsOPR3 2.05 ± 0.02 0.998 -3.20 ± 0.05 38.79 ± 0.19 
RsPAL 1.96 ± 0.01 1 -3.42 ± 0.02 33.26 ± 0.07 
RsPPO 1.87 ± 0.01 0.999 -3.68 ± 0.04 38.21 ± 0.15 
RsRG14 1.77 ± 0.01 1 -4.04 ± 0.02 37.62 ± 0.08 
RsRG7 2.00 ± 0.01 0.999 -3.33 ± 0.03 35.26 ± 0.11 
 
Suppl. Table 7.3 Run specific amplification efficiency (E) (± SE), R², slope (± SE) and 
intercept (± SE) for marker genes and reference genes in RT-qPCR for experiment 2. 
Gene E R² Slope Intercept 
RsAOC 2.09 ± 0.04 0.994 -3.12 ± 0.08 36.19 ± 0.30 
RsAOS 2.03 ± 0.04 0.994 -3.26 ± 0.09 38.69 ± 0.36 
RsICS 2.04 ± 0.02 0.997 -3.22 ± 0.04 38.50 ± 0.15 
RsJMT 2.08 ± 0.05 0.990 -3.15 ± 0.11 33.78 ± 0.48 
RsLOX 1.97 ± 0.01 0.999 -3.40 ± 0.04 39.09 ± 0.14 
RsOPR3 2.05 ± 0.03 0.997 -3.21 ± 0.06 38.77 ± 0.23 
RsPAL 2.04 ± 0.03 0.996 -3.23 ± 0.06 36.11 ± 0.24 
RsPPO 1.87 ± 0.01 0.999 -3.68 ± 0.04 37.87 ± 0.14 
RsRG14 1.78 ± 0.01 0.999 -4.01 ± 0.04 40.80 ± 0.16 






Suppl. Table 7.4 Repeatability and reproducibility of jasmonic acid (JA), 12-
oxophytodienoic acid (OPDA) and salicylic acid (SA) measurements of 
Polyphagotarsonemus latus infested and mock treated leaf samples of Rhododendron simsii 
hybrids. 
Phytohormone Treatment Repeatability (%) Reproducibility (%) 
OPDA Mock 17.55 23.43 
  P. latus infestation 15.68 16.22 
JA Mock 15.90 19.65 
  P. latus infestation 7.40 9.92 
SA Mock 18.02 18.93 
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